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Abstract

Obtaining well-diffracting crystals of macromolecules remains a significant barrier to structure
determination. Here we propose and test a new approach to crystallization, in which the crystallization
target is fused to a polymerizing protein module, so that polymer formation drives crystallization of the
target. We test the approach using a polymerization module called 2TEL, which consists of two tandem
sterile alpha motif (SAM) domains from the protein translocation Ets leukemia (TEL). The 2TEL
module is engineered to polymerize as the pH is lowered, which allows the subtle modulation of
polymerization needed for crystal formation. We show that the 2TEL module can drive the
crystallization of 11 soluble proteins, including three that resisted prior crystallization attempts. In
addition, the 2TEL module crystallizes in the presence of various detergents, suggesting that it might
facilitate membrane protein crystallization. The crystal structures of two fusion proteins show that the
TELSAM polymer is responsible for the majority of contacts in the crystal lattice. The results suggest
that biological polymers could be designed as crystallization modules.
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Despite myriad technological advancements, obtaining
well-diffracting crystals remains a major hurdle in struc-
ture determination. For example, a search of the TargetDB
(Chen et al. 2004) database shows that diffraction-quality
crystals were obtained for only 12% of the ;28,000 soluble
proteins that were expressed by structural genomics centers
worldwide. Current crystallization methods are also inef-
fective for most membrane proteins (Ostermeier et al.
1995), which comprise a quarter of all the sequenced

genomes (Wallin and von Heijne 1998). It is therefore
important to develop methods which can effectively lower
the crystallization barrier of membrane proteins and the so-
called ‘‘high-hanging fruits’’ of structural genomics (Janda
et al. 2004).

Prior studies suggest that the primary determinant of
crystallization is the intrinsic crystallizability of the
protein itself (Kendrew et al. 1954; McPherson 1982).
Proteins with a high crystallization propensity crystallize
in many conditions (Segelke 2001), whereas some recal-
citrant proteins appear to require modifications to make
them crystallizable (D’Arcy 1994; Dale et al. 2003;
Derewenda 2004a; Keenan et al. 2005). Several methods
are available to increase crystallization propensity,
including limited proteolysis to remove disordered
regions (Tooney and Cohen 1972; Cohen and Tooney
1974; Kwong et al. 1999), mutation of residues on the
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protein’s surface that might be involved in crystal con-
tacts (Lawson et al. 1991; D’Arcy et al. 1999; Czepas
et al. 2004; Derewenda 2004a,b; Janda et al. 2004;
Derewenda and Vekilov 2006), deglycosylation to dimin-
ish heterogeneity (Kwong et al. 1999), and antibody co-
crystallization to rigidify the target and add potential
crystal contacts (Iwata et al. 1995; Kleymann et al. 1995;
Ostermeier et al. 1995; Ostermeier and Michel 1997;
Hunte et al. 2000; Zhou et al. 2001; Hunte and Michel
2002; Jiang et al. 2003; Lee et al. 2005). Although useful,
these methods must be applied in an ad hoc fashion for
each target. Furthermore, since every variant generated
using these approaches is effectively a new protein,
crystallization conditions must be re-established by per-
forming new rounds of crystallization screening.

In addition to increasing crystallization propensity, an
ideal method would increase predictability of crystalli-
zation conditions, thereby removing the need to exten-
sively screen conditions. One existing approach that
could satisfy these requirements is the use of fusion
modules in which difficult targets are linked to a highly
crystallizable protein module in an effort to impart the
crystallizability of the module to the target (Prive et al.
1994; Kuge et al. 1997; Stoll et al. 1998; Byrne et al.
2000; Liu et al. 2001; Zhan et al. 2001; Smyth et al.
2003). For example, well-diffracting crystals could be
obtained when recalcitrant target proteins or peptides
were fused to easily crystallized proteins such as hen egg
white (HEW) lysozyme (Donahue et al. 1994), gluta-
thione S-transferase (GST) (Zhan et al. 2001), or maltose-
binding protein (MBP) (Smyth et al. 2003). The short-

coming of this method is that so far it has only been used
to crystallize small proteins or peptides (Ware et al. 1999;
Zhan et al. 2001; Smyth et al. 2003), most likely because
the proteins that served as modules could form only weak
crystal contacts that tend to be easily disrupted by the
addition of larger target proteins. We hypothesize that a
fusion module with more potent crystal contacts would be
more able to impart its crystallization properties to the
target.

The sterile alpha motif (SAM) domain from the trans-
location Ets leukemia protein (TEL) is a small, 78-residue
protein that forms a left-handed helical polymer with six
subunits per turn (Fig. 1; Kim et al. 2001). A Val to Glu
mutation (E80 TELSAM) in the middle of the polymer
interface results in a variant which was soluble at high pH
but which polymerizes at low pH due to protonation of
the Glu residue, providing a pH control for E80-TELSAM
polymerization propensity (Kim et al. 2001). Numerous
conditions with pH <7 also induce this protein to
crystallize as needles or rods.

Because the crystal contacts made by successive
monomers correspond to a high-affinity and stable poly-
meric interface, TELSAM is an excellent candidate to
serve as a crystallization module because it would be less
subject to disruption by fusion partners than modules that
provide only weak crystal contacts. Here, we constructed
a crystallization module using two tandem TELSAM
domains (2TEL) and fused this module to 12 soluble
proteins. Eleven of these fusion proteins, including three
which resisted conventional crystallization attempts,
crystallized as needles or rods at low pH. In addition,

Figure 1. E80 TELSAM forms a helical polymer in a pH-dependent fashion. (A) Recombinant WT-TELSAM protein aggregates when

expressed, but E80 TELSAM only aggregates when the pH is below 7. (B) E80 TELSAM forms a helical polymer when crystallized.

Alternating units are shaded differently to distinguish each TELSAM monomer. Six monomers form one helical turn in the polymer

with a pitch of 53 Å.
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the 2TEL module could crystallize in the presence of a
high concentration of detergents commonly used for
membrane protein crystallization. While the 2TEL mod-
ule is clearly effective at driving crystal formation, the
majority of the fusion protein crystals tend to be highly
mosaic and only diffract to modest resolution. Structure
determination of 2TEL fused to T4 lysozyme suggests a
possible route to improving the crystallization module by
shoring up weak intermodule crystal contacts.

Results

Design and crystal structure of the 2TEL
crystallization module

We speculated that larger targets might require more
space to pack in a fusion protein crystal than would be
provided by the relatively small 78-residue TELSAM
domain. We therefore, created a module with two TELSAM
domains linked together (Fig. 2A) so that the fusion partner
could be placed at every other TELSAM domain.

Our initial TELSAM-based modules were all com-
posed of an E80 TELSAM at the N-terminus and a WT
TELSAM at the C-terminus (E80-WT) connected by
integral repeats of the linker sequence Gly4Ser (Fig.
2A). These E80-WT modules were soluble at high pH

but precipitated at low pH (data not shown), suggesting
pH-dependent protonation of E80 and consequent poly-
merization (Fig. 2B). All four E80-WT modules crystal-
lized in various conditions, indicating that linker addition
did not lower the crystallization propensity of the protein.
Furthermore, all the crystals had needlelike morpholo-
gies, suggesting that the TELSAM helical polymer was
formed in the crystals. To confirm this hypothesis, we
determined the structure of the E80-WT module with a
single Gly4Ser linker using molecular replacement with
the E80-TELSAM structure (Kim et al. 2001) as a search
model. Figure 2C shows that the fused TELSAM domains
formed a double-helical structure in which two TELSAM
polymers were intertwined with one another. The double-
helical structure is clearly not biologically relevant as this
architecture cannot accommodate other domains of TEL
(Chakrabarti and Nucifora 1999). Nevertheless, the crys-
tal structure confirmed that our linker choices did not
disrupt polymer formation, a necessary condition for
TELSAM-aided crystallization. We use the single-linker
module in all our future experiments and refer to it as the
2TEL module.

Crystals of the 2TEL module fused to soluble proteins
of known structure

To test whether the 2TEL module could mediate crystal-
lization of a target protein, we fused it to nine different
soluble proteins whose crystal structures had been deter-
mined previously (Table 1). Initial target proteins ranged
from much smaller (7 kDa) to slightly larger (26 kDa)
than the 2TEL module (22 kDa). Because the nature of
the linker peptide between 2TEL and the target protein
might play a critical role in crystallization (Smyth et al.
2003; Qiao et al. 2004), each target protein was fused to
2TEL using seven linker sequences of various lengths and
sequence composition (Table 2). In addition, we also
fused each target protein either N- or C-terminal of the
2TEL module, since the order of proteins has been shown
to affect fusion protein expression and crystallization.
The combination of linker type and connection resulted in
up to 14 possible constructs for each target protein. Over
90% of the fusion proteins were expressed and were
purified with a single Ni-affinity chromatography step to
yield >95% pure proteins as assessed by SDS PAGE (data
not shown). Crystallization trials were carried out in-
house using commercial screens or sent to the Hauptman-
Woodward Institute (HWI) for high-throughput micro-
batch screening of 1536 conditions (Luft et al. 2003).

Eight out of the nine target proteins could be crystal-
lized as a fusion to 2TEL (Table 1), including the 26 kDa
GST, the largest target protein ever crystallized using
fusion protein co-crystallization methods. We confirmed
that these were indeed crystals of the fusion proteins,

Figure 2. The 2TEL module crystallized as a helical polymer. (A) The

2TEL module was composed of an E80 TELSAM connected to a WT

TELSAM via a Gly4Ser linker. (B) 2TEL polymerization behavior. At

high pH, deprotonated Glu80 prevents 2TEL polymerization. Conversely,

protonation at low pH permits polymerization. (C) The crystal structure of

the 2TEL module forms a double helix. One polymer is illustrated in a

surface representation while the other is shown as a ribbon diagram.
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rather than proteolyzed fragments by washing the crystals
and analyzing them on denaturing polyacrylamide gels
(data not shown). Two characteristics of the 2TEL fusion
protein crystals suggest that their crystallization was
mediated by 2TEL polymerization: Most crystals were
formed at low pH, and they had needle- or hexagonal
rodlike morphologies akin to the crystals of the 2TEL
module by itself (Fig. 3A), but this could only be verified
in two cases for which structures were solved, as
discussed below.

We observed that some target proteins could crystallize
using several linker types, whereas others would only
form crystals with one linker type, illustrating the
importance of linker composition in the crystallization
propensity of these fusion proteins. We also observed that
some precipitants, for example 2–8 M ammonium nitrate
or 15%–35% PEG 3350, were able to crystallize a diverse
set of target proteins, suggesting that screens centered
around these precipitants might be particularly effective
for 2TEL fusions (see below).

Crystals of the 2TEL module fused to recalcitrant
soluble proteins

We next tested whether the 2TEL module could drive the
crystallization of more difficult targets. Our candidates
for these recalcitrant proteins were the Zn-binding domain
of the human polyhomeotic protein (hPhZn) (Plath et al.
2004; Zhang et al. 2004) and the C-terminal domain of the
human RING2 protein (hRING2) (Schoorlemmer et al.

1997; Satijn and Otte 1999; Gorfinkiel et al. 2004).
Both proteins qualify as hard targets because previous
screening at the HWI had yielded no crystals (C. Kim,
pers. comm.). Using linkers listed in Table 2, we fused
2TEL to hPhZn (2TEL–hPhZn) or hRING2 (2TEL–
hRING2), and expressed and purified these fusion proteins.
Purified 2TEL–hRING2 (with the Ala-Ala-Gly-Pro linker)
could still bind to cbx7 (Schoorlemmer et al. 1997), the
in vitro-binding partner of hRING2 (C. Kim, pers. comm.),
which indicated that neither 2TEL nor the linker interfered
with hRING2 biological activity.

High-throughput screening of both proteins at the HWI
yielded needle- or hexagonal rodlike crystals which could
be reproduced in-house (Fig. 3B). Interestingly, the
2TEL–hRING2 fusion yielded crystals in >100 conditions
tested at the HWI. This was by far the largest number
of successful crystallization conditions we have ever

Table 1. List of soluble proteins that were fused to the 2TEL module

Protein namea Size (kDa) Crystalsb Resolutionc Highly mosaicc Structured

Wild-type T4 lysozyme (T4WT) 18.6 Yes 2.5 Å No Yes

Cys mutant T4 lysozyme (T4DM) 18.6 Yes 2.5 Å No Yes

Gene V protein (G5P) 9.7 Yes 3.5 Å Yes No

Hypoxanthine phophoribosyltransferase (HPT) 20.1 Yese No dataf N/A No

NuG2 6.2 Yese 6.0 Å Data not indexed No

Redesigned protein L 7 Yese No dataf N/A No

Orotate phophoribosyltransferase (PyrE) 23.4 No N/A N/A N/A

Dephosphocoenzyme A kinase (CoaE) 22.5 Yese No dataf N/A No

Glutathione S-transferase (GST) 25.9 Yese No dataf N/A No

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Soluble domain of rhomboid protease (RhoS) 8 Yes 3.5 Å Yes No

Zinc-binding domain of human Ph protein (hPhZn) 3.9 Yes 6.0 Å Data not indexed No

C-terminal domain of human RING2 protein (hRING2) 13 Yes 2.3 Å Yes No

a Crystal structures of the targets are in the following references: T4-lysozyme (Heinz and Matthews 1994), G5P (Guan et al. 1994), HPT (Guddat et al.
2002), NuG2 (Nauli et al. 2002), Protein L (Kuhlman et al. 2002), PyrE (Henriksen et al. 1996), CoaE (O’Toole et al. 2003), GST (McTigue et al. 1995).
b T4WT, T4DM, G5P, and hPhZn crystallized with multiple linker types, while the others could be crystallized in one linker type. Linker sequences are
shown in Table 2.
c Data were collected for each crystal at the ALS and processed using DENZO/SCALEPACK (Minor et al. 2006) to provide a quantitative measure of
resolution and mosaicity.
d Poor data quality prevented the structure determination of 2TEL fusion proteins other than 2TEL–T4WT and 2TEL–T4DM.
e Other than T4–lysozyme and Gene V protein, crystals of soluble targets of known structure were not optimized.
f Diffraction data were not collected for crystals, which grew as bursts of thin needles.

Table 2. Amino acid sequence of 2TEL linkers

Gly-Pro

Ala-Gly-Pro

Ala-Ala-Gly-Pro

Gly-Gly-Gly-Gly-Sera

Ala-Glu-Ala-Ala-Ala-Lys-Alaa

Gly-Gly-Gly-Gly-Ser- Gly-Gly-Gly-Gly-Sera

Ala-Glu-Ala-Ala-Ala-Lys-Glu-Ala-Ala-Ala-Lys Alaa

a These linkers were cloned between restriction sites XhoI and ApaI, which
add the amino acid sequences Leu–Glu and Gly–Pro, respectively.
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observed for any 2TEL fusion protein, which is remark-
able considering that the hRING2 protein on its own
refused to crystallize under these same crystallization
conditions. These two examples clearly show the effec-
tiveness of the 2TEL module in aiding the crystallization
of soluble proteins which are difficult to crystallize using
conventional means.

Optimization of our initial crystallization conditions
yielded crystals of 2TEL–hRING2 which diffracted to
2.3 Å at the Advanced Light Source synchrotron facility.
Unfortunately, these crystals had very high mosaicity,
and the data could not be used for structure determination
(Fig. 3C). High mosaicity indicates imperfect packing
of blocks of molecules in the crystals (Snell et al. 1995),
and we are currently testing various post-crystallization
treatments such as crystal annealing and crosslinking
(Heras and Martin 2005) to mitigate this problem.

A minimal crystallization screen yielded crystals of 2TEL
fused to a novel soluble protein

It is possible that the 2TEL module could reduce the trial-and-
error nature of crystallization because 2TEL polymeriza-
tion provides a common driving force for crystallization.
Thus, it may be useful to limit initial crystallization screen-
ing to conditions near those that were successful with other
2TEL fusions. We observed that ammonium nitrate at low
pH successfully crystallized four out of the 11 proteins that
we tested so far (T4WT, NuG2, hPhZn, and GST), and we
therefore hypothesized that an ammonium nitrate-based
minimal screen could be particularly effective with new
2TEL fusions.

As a test of this idea, we fused 2TEL to the soluble
domain of the Rhomboid protease, a transmembrane
serine protease (2TEL-RhoS) (Urban 2006). An NMR
structure of the 8 kDa soluble domain (RhoS) structure
has been determined (Del Rio et al. 2007), but no crystals
have been obtained to our knowledge. Indeed, we were
unable to obtain crystals of the domain alone in the 1536-
condition HWI screen. Nevertheless, needlelike crystals
of 2TEL–RhoS were obtained in a small, 24-condition
screen using only 2–8 M ammonium nitrate as the
precipitant, buffered with 0.1 M sodium acetate pH 3.6–
5.6. Supplemental Figure S1A shows crystals that we
obtained after a single round of optimization, which dif-
fracted to 4 Å. This result suggests that the crystallization
properties of 2TEL can indeed be imparted to the fusion
partner, and prior crystallization information can be used
to guide the design of a minimal crystallization screen for
future 2TEL fusion proteins.

The 2TEL module crystallized in the
presence of detergents

Membrane proteins present a particularly difficult crys-
tallization challenge, so we performed a preliminary test
of whether the 2TEL module has the potential to drive
membrane protein crystallization.

Because detergents are commonly used for membrane
protein crystallization, it is important to determine
whether the 2TEL polymeric structure would be disrupted
when 2TEL is crystallized at high concentration of these
detergents. We selected five detergents and determined
the concentration that was commonly used for mem-
brane protein crystallization for each detergent using
published literature (Table 3). Because most proteins in
the literature were concentrated prior to crystallization
trials, the actual detergent concentration in the protein
solution could be up to 5–10 times the concentration
reported. Thus, we screened for 2TEL crystals using the
literature-reported value and 10 times the reported value
(Table 3). The detergent concentrations ranged between 2

Figure 3. (A) Examples of crystals of 2TEL fused to various soluble

proteins of known structures. (B) Crystals of 2TEL fused to novel soluble

protein: 2TEL–hPhZn (left) and 2TEL-hRING2 (right). (C) Highly mosaic

diffraction pattern of 2TEL-hRING2.

Nauli et al.
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and 30 times the critical micelle concentration (CMC) of
the detergents used (Niegowski et al. 2006).

We crystallized the 2TEL module using known con-
ditions (see Materials and Methods) and added each
detergent in Table 3 to these conditions. As shown in
Supplemental Figure S1B, we were able to obtain 2TEL
crystals even at the highest concentration for four of the
tested detergents. The only detergent for which we failed
to obtain crystals was lauryldimethylamine N-oxide
(LDAO) at the highest concentration, although we could
still obtain 2TEL crystals in 13 mM LDAO, ;10-fold
greater than its CMC. These results indicate that the high
concentration of detergents do not disrupt 2TEL polymer-
ization, a result that supports the idea that 2TEL poly-
merization could be used as a means to drive the
crystallization of membrane proteins.

Crystal structures of 2TEL fused to T4 lysozyme

To see how the 2TEL module aids the crystallization of
target proteins, we determined the crystal structures of
two 2TEL fusion proteins. The target proteins were two
variants of T4 lysozyme which we call T4WT and T4DM
(Heinz and Matthews 1994). Structure determinations
of the fusion proteins are detailed in the Materials and
Methods section, and data collection and refinement
statistics are presented in Table 4.

The structures of the T4WT and T4DM fusions and
how they were organized in their respective crystal
lattices are shown in Figure 4. The TELSAM polymer
is a major structural component in both of the fusion
protein crystal lattices, forming a hexagonal tube into
which the target proteins are placed. These structures
highlighted two types of interactions that the 2TEL
module made in both lattices. First, as we hypothesized,
alternating WT- and E80-TELSAM monomers in the
2TEL module formed the familiar TELSAM helical
polymeric structure (Kim et al. 2001). These interactions
are responsible for the long axis of the needle- or rodlike

crystals. The change in helical pitch from 53 Å for the
T4DM fusion to 58.1 Å for the T4WT fusion indicates
that the TELSAM polymer is adept at adjusting to
accommodate the addition of a fused target protein.
Second, we also observe that neighboring 2TEL polymers
make lateral interactions (Fig. 4) which are likely respon-
sible for the diameter of the needle- or rodlike crystals.

In contrast to the ordered structures formed as a result
of numerous interactions made by the 2TEL polymer,
both T4WT and T4DM made few contacts in the crystal
lattice (see Materials and Methods), which is reflected
in the much higher average B-factor values of the T4-
lysozyme moieties (Table 4). These contacts are not the
same as previously observed for both T4WT and T4DM
when they were crystallized on their own (Heinz and
Matthews 1994). Thus, the 2TEL module appears to be
the primary contributor to crystal lattice stabilization. The
2TEL moiety packs in a similar fashion in both structures,
so it is likely that changes in lysozyme packing in the two
crystals is due to the different linker sequences used to
connect lysozyme to 2TEL. Inspection of the 2TEL–
T4WT structure showed that the rigid 16-residue helical
linker placed the T4WT molecule into the groove of a

Table 3. Range of detergent concentration used for 2TEL
crystallization

Detergenta
Low concentration

(mM)
High concentration

(mM)
CMC, in

H2Ob (mM)

LDAO 4.4 44 1.5

C8E4 16.0 160 7.2

DDM 0.39 3.9 0.17

DM 4.1 41 1.8

OG 51 510 19

a LDAO, lauryldimethylamine N-oxide; C8E4, polyoxyethylene(8)octyl
ether; DDM, n-dodecyl-b-D-maltoside; DM, n-decyl-b-D-maltoside; OG,
n-octyl-b-D-glucoside.
b Critical micelle concentration values were obtained from www.anatrace
.com.

Table 4. Data collection and refinement statistics

Data set 2TEL 2TEL–T4WT 2TEL–T4DM

Data collection and processing

Wavelength 0.97 Å 0.97 Å 0.97 Å

Resolution 2.6 Å 2.5 Å 2.6 Å

Space group P31 P32 P32

Cell dimensions

a (Å) 65.68 119.51 122.62

b (Å) 65.68 119.51 122.62

c (Å) 36.14 58.13 53.59

Number of unique

reflections 10,564 35,939 29,131

Rmrerge
a 0.09 (0.47) 0.07 (0.40) 0.06 (0.42)

Completenessa 99% (98.2%) 99.2% (98%) 100% (100%)

I/s (I)a 11 0.1 (2.85) 22.0 (2.7) 21.6 (3.73)

Refinement

Resolution range 56–2.6 Å 30–2.4 Å 30–2.55 Å

Number of reflections 5030 34,144 27,495

R/Rfree 0.21/0.24 0.21/0.25 0.21/0.25

Number of refined atoms

Protein 1294 5526 5238

Water 4 59 149

Average B factorsb

2TEL 28 45 43

T4 lysozyme (N) NA 100 70

T4 lysozyme (C) NA 80 60

RMSD

Bonds (Å) 0.009 0.005 0.006

Angles (°) 1.310 1.121 1.419

a Highest-resolution shell is shown in parentheses.
b Average B factors are shown separately for the 2TEL module and for the
N- and C-terminal domains of T4 lysozyme.
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neighboring 2TEL polymer, increasing the helical pitch
of the 2TEL polymer to 58.1 Å. This arrangement pre-
vents T4WT from making the canonical ‘‘back-to-back’’
crystal contacts observed when it is crystallized on its
own. In contrast, the short three-residue linker connecting
the C-terminus of 2TEL to the N-terminus of T4DM
caused the back surface to be oriented toward the 2TEL
polymer instead of a neighboring lysozyme molecule.
This orientation also prevented T4DM from making its
usual crystal contacts.

T4 lysozyme is composed of two domains and it has
been shown that the N-terminal domain can adopt a wide
range of hinge-bending motion relative to the C-terminal
domain (Faber and Matthews 1990). In both the structures
of 2TEL–T4WT and 2TEL–T4DM, only the C-terminal
domain of T4 lysozyme makes any crystal contacts at all.
The high average B factors for the N-terminal domain of
T4 lysozyme indicate that it is relatively disordered in
these crystals. On the other hand, it appears that hinge-
bending movement allows the C-terminal domain to move
into a position which can make productive crystal con-
tacts with neighboring 2TEL or lysozyme molecules.

Discussion

We have tested our proposal that biological polymers
such as the TELSAM domain could serve as effective
crystallization modules. We have shown that the 2TEL
module could direct the crystallization of 11 out of 12
soluble proteins, even proteins that did not crystallize on
their own and proteins that were larger than the 2TEL
module itself. Moreover, the method may be useful for
membrane proteins as detergents do not significantly
inhibit crystallization of the module itself.

There are a number of potential advantages of the
polymer driven crystallization method: (1) In contrast to
antibody co-crystallization methods (Hunte and Michel

2002), the target protein does not require specific inter-
actions with the target protein, making the approach more
general. (2) The polymer contacts are stronger than
typical crystal contacts so that the properties of the
polymer may dominate the crystallization properties of
the fusion protein. This allows for the possibility that
similar crystallization conditions could be used for many
fusion partners. Indeed, we were able to design a minimal
screen that produced crystals of 2TEL fused to a novel
soluble protein (Supplemental Fig. S1A).

The major practical limitation of the current module is
poor crystal quality. In general we see limited resolution,
high mosaicity, and occasional crystal twinning. More-
over, in the two solved crystal structures, parts of the
fusion partners are poorly ordered. Given the large
number of targets, these defects are partly due to the
lack of intensive efforts at crystal optimization. More
fundamentally, however, the current 2TEL module is yet
not optimized for crystallization of a fusion protein.
The crystal structures of 2TEL–T4WT and 2TEL–
T4DM show that the natural intra-polymer interfaces of
TELSAM are strong and force crystallization in the
direction of the polymer, as we hypothesized. Most of
the 2TEL fusion proteins crystallized as thin needles,
however, which limits the diffracting volume (Fig. 3A)
and lowers crystal quality. Thin crystals are likely a
consequence of poor lateral contacts made between
polymers (Fig. 4). Thus, if we can improve these lateral
contacts, we may be able to significantly enhance the
utility of the 2TEL module. It may be possible to
optimize the lateral contacts by reducing surface entropy
(Derewenda 2004a; Derewenda and Vekilov 2006), by
computational design approaches (Nauli et al. 2002) or
by engineering in Tyr/Ser side chains, which were
recently shown to be particularly well-suited for making
tight and specific contacts (Fellouse et al. 2004; Koide
et al. 2007). In a similar fashion, it may be possible to

Figure 4. Crystal structures and packing of the 2TEL module (sticks model) fused to T4 lysozyme (ribbon diagram) viewed down the

helical polymer axis. Six helical polymers are included for each structure. Lysozyme molecules fused to 2TEL on neighboring

hexagonal tubes are deleted for clarity. Lateral contacts (see text) between neighboring polymers are highlighted.
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engineer the surface of TELSAM so that it has a higher
probability of interacting favorably with fusion partners,
improving their order. Future work on the development of
the TELSAM polymer crystallization module will focus
on re-engineering the polymer surface to favor protein–
protein contacts.

Materials and Methods

Cloning, protein expression, and purification of 2TEL
fusion proteins

All 2TEL-based proteins were cloned into a pBAD HisA
vector (Invitrogen). Each component of the 2TEL crystalli-
zation module—E80 TELSAM, Gly4Ser linker, WT TELSAM,
helical/flexible linker, and target protein—is bounded by
unique restriction enzymes to facilitate the introduction of
new fragments.

For expression, plasmids were transformed into TOP10 cells
(Invitrogen) and plated on LB plates containing 100 mg/mL
ampicillin (Sigma). One liter LB ampicillin (100 mg/mL)
cultures were inoculated with a starter culture prepared from
single colonies. Growth with shaking at 37°C was performed
until OD600 reached 0.6. Each culture was then induced with
0.02% of L-arabinose (Sigma) and left to express the desired
protein for 3–4 h. Cells were harvested and stored frozen
in �20°C.

Each cell pellet was resuspended in 20 mM Tris, pH 8.6,
0.5 M NaCl. For target proteins with Cys residues, 14 mM
b-mercaptoethanol was added to the resuspension buffer; 1 mM
PMSF (Sigma) and 60 Kunitz units of DNase I (Sigma, D4263)
were added to the resuspended cells. The cell suspension was
pulsed–sonicated for 6 3 1 min using a Branson Sonifier
macrotip at a setting of 5 at a half-duty cycle. Cell extract
was centrifuged in a Sorvall GSA rotor at ;4000g to separate
soluble proteins from the insoluble fraction. The soluble frac-
tion was loaded into a 5-mL HisTrap column (GE Healthcare).
Ni-affinity purification was performed using an Äkta Prime
system (GE Healthcare). Typically 2TEL fusion proteins eluted
at 150 mM imidazole. Fractions were pooled and dialyzed
overnight against 20 mM Tris, pH 8.6, 0.2 M NaCl (14 mM
b-mercaptoethanol included as necessary). Dialyzed proteins
were concentrated using Vivaspin 15-mL concentrators (ISC
Bioscience) to a concentration suitable for crystallization,
usually between 4 and 5 mg/mL for 2TEL fusion proteins.

Crystallization

High-throughput crystallization of all 2TEL fusion proteins
was performed at the HWI at protein concentrations between
1 and 10 mg/mL. Initial crystals were reproduced and optimized
in hanging-drop setups in-house. Most crystals were obtained
at pH <5 and with needle- or rodlike morphologies characteristic
of crystals built from TELSAM polymers. After several crys-
tallization trials pointed out the importance of ammonium
nitrate as the precipitating agent, we developed our own
crystallization screen for 2TEL fusion proteins with the follow-
ing composition: 2–8 M ammonium nitrate with sodium citrate
between pH 3.5 and 6.6.

For crystallization in various detergents (Supplemental
Fig. S1B), 2TEL was mixed in equal volume with the following

precipitant: 0.52 M manganese chloride, 0.1 M sodium acetate,
pH 5.6, and detergent at the final concentration indicated in the
figure.

2TEL was crystallized in 0.3 M MnCl2 and 0.1 M sodium
acetate, pH 5.0. 2TEL–hRING2 crystallized in 20% PEG3350, 0.1
M ammonium formate, and 20 mM calcium chloride. 2TEL–
hPhZn crystallized in 1.4 M ammonium nitrate, 0.1 M sodium
citrate, pH 4.7, and 33 mM L-cysteine. 2TEL–RhoS crystals were
obtained in a screen using 2–8 M ammonium nitrate as a
precipitant, at pH 3.6–5.6 with sodium acetate as a buffer.
2TEL–T4WT was crystallized in 4.8 M ammonium nitrate
and sodium citrate, pH 6.2. 2TEL–T4DM was crystallized in 0.3
M MnCl2, 0.1 M sodium acetate, pH 6.0, and 20 mM HEDS.

X-ray data collection and structure determination

Diffraction data for 2TEL were collected at the Advanced
Light Source (ALS) Beamline 8.2.1 and processed in space
group P31 at 2.6 Å resolution. Molecular replacement was per-
formed using PHASER with E80 TELSAM as the search model
(PDB code: 1JI7). Refinement and molecular modeling were
performed using CCP4i (Potterton et al. 2003) and COOT
(Emsley and Cowtan 2004), respectively. The final model had
an R ¼ 21.1% and an Rfree ¼ 24.1%.

Diffraction data for 2TEL–T4WT were collected at the
Advanced Light Source (ALS) Beamline 8.2.1 and processed
in space group P32 to 2.4 Å with two molecules in the asym-
metric unit. The length of the unit cell c axis, which corresponds
to the helical pitch of the polymer, was 58.1 Å, slightly larger
than the 53 Å observed for the E80–TELSAM polymer (Kim
et al. 2001). Molecular replacement using only E80 TELSAM
as the search model was successful in obtaining initial phases.
After a difference density calculation, we saw a large positive
electron density that corresponded to the T4WT moiety as
well as density corresponding to the 16-residue helical linker
(data not shown). We repeated the molecular replacement
search using coordinates for both E80 and T4WT (Heinz and
Matthews 1994). It was clear as we refined this initial model
that parts of the T4WT molecule (residues 1–55), which did not
pack with nearby molecules, could not be modeled accurately
due to disorder. In contrast, the 2TEL moiety could be easily
refined due to the numerous interactions it made in the lattice.
Thus instead of building the N-terminal domain of T4WT, we
decided to manually dock it (using T4WT PDB coordinates) into
the density. Our final model had R ¼ 22% and Rfree ¼ 25%.

Diffraction data for 2TEL–T4DM were collected at the
ALS Beamline 8.2.1 and processed in space group P32 to
2.6 Å with two molecules in the asymmetric unit. The length
of the unit cell c-axis, which corresponds to the helical pitch of
the polymer, was 53.6 Å, similar to that of the E80-TELSAM
polymer (Kim et al. 2001). Molecular replacement using only
E80 TELSAM as the search model was successful in obtaining
initial phases. Similarly to T4WT, the T4DM moiety makes
few contacts with other molecules and is generally hard to
model. As in the case of T4WT, we manually docked various
domains of T4DM during refinement to yield our final model
which has R ¼ 21% and Rfree ¼ 25%.

Data deposition

Coordinates for all structures have been deposited to the RCSB
with the following accession numbers: 2QB1 (for 2TEL), 2QAR
(for 2TEL–T4WT), and 2QB0 (for 2TEL–T4DM).
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Electronic supplemental material

The Electronic supplemental material shows the crystals
of 2TEL–RhoS (Supplemental Fig. S1A) and crystals of
2TEL in the presence of various detergents (Supplemental
Fig. S1B).
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