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ABSTRACT: A major challenge in structural biology is to produce high-quality protein crystals for X-ray diffraction.
Currently, proteins are crystallized by trial and error, often inmulticomponent solutionswith chiral precipitants. As proteins are
chiral molecules, we hypothesized that the chirality of the precipitants may affect crystallogenesis. To test this hypothesis, we
crystallized thaumatin, an intensely sweet globular protein, with the three stereoisomers (L-, D-, andmeso-) of tartaric acid. We
find three different crystal habits and crystal packings; the three stereoisomers interact with the protein at different sites. All
three precipitants produce high-quality crystals from which atomic resolution (∼1 Å) structures were obtained. Our findings
suggest that stereospecific interactions with precipitants are important in protein crystal formation and should be controlled
when crystallizing proteins for structure determination.

Introduction

It is difficult to crystallize proteins. Fewer than 20% of
purified proteins produce diffraction-quality crystals, and this
“crystallization bottleneck” hampers progress in structural
biology.1 Since it is not yet possible to reliably predict the
conditions underwhich a proteinwill crystallize, themainway
to produce crystals is by brute-force methods: trying many
different conditions in the hope that at least one of them will
work.

For a solution of proteins to crystallize, the protein con-
centrationmust exceed the solubility limit, that is, the solution
must be supersaturated. There are several approaches
for creating supersaturated solutions, such as changing the
temperature, changing the pH, or removingwater by evapora-
tion.2 Another common approach is to add a precipitant,
which can be a salt, an organic solvent, or a polymer.3

There have been numerous investigations about the
effects of precipitants on the solubility of proteins. The topics
that have been studied include specific protein-ion interac-
tions,4,5 changes in the solution properties, such as dielectric
constant,6 and the role of the chain length of polymeric
precipitants.7

One aspect of the protein-precipitant interactions that has
not been studied extensively is the chiral nature of the
molecules involved. Proteins are chiral, and a significant
number of the precipitants used are also chiral. There are
chiral salts (e.g., thosemade from tartaric acid), chiral organic
solvents (e.g., 2-methyl-2,4-pentanediol, known as MPD),
and chiral polymers (e.g., Jeffamine). Such chiral precipitants
abound among the commercially available crystallization
screens. For example, the MPD Suite manufactured by
Qiagen provides a range of concentrations of MPD with
either different salts or at different pH values,8 while the
Silver Bullets screen and the Tacsimate crystallization reagent

manufactured by Hampton offer combinations of chiral
molecules (such as the salts of tartaric and malic acids) in
the same solution.9

Even though chiral precipitants are commonly used to
crystallize proteins, little attention is paid to their chiral
nature. In fact, vendors and investigators sometimes omit
the stereochemical designation when describing the precipi-
tant being used. This is puzzling for two reasons. First, with-
out this designation the precipitant cannot be uniquely
identified. Second, it is known that chirality can significantly
affect the crystallizationof small organicmolecules. Indeed, in
1848, Pasteur discovered molecular chirality through a crys-
tallization experiment: he found that racemic (DL-) sodium
ammonium tartrate crystallized as a mixture of enantio-
morphic crystals.10 Since this pioneering work, crystal growth
experiments involving small organic molecules have estab-
lished the importance of chirality in these systems.11,12 For
example, racemicmixtures of amino acids can be separated by
adding a suitably tailored, chiral additive which affects the
crystallization of one enantiomer but not the other.13

As the effects of chirality on the crystallization of small
molecules are dramatic, we hypothesized that the chirality of
precipitants may affect the crystallization of proteins. To test
this hypothesis, we sought a protein that could be crystallized
with a chiral precipitant. We chose to work with thaumatin,
an intensely sweet, single-domain globular protein (207 amino
acids, eight disulfide bonds, molecular weight approximately
22 kDa) which is found in the fruit of Thaumatococcus
daniellii.14,15 Thaumatin is widely used as a model system to
study various aspects of protein crystallization and crystal-
lography.16-22 Its popularity stems in part from the ease with
which it can be crystallized using the salts of L-tartaric acid.23

Tartaric acid has two chiral centers and three stereoisomers:
L- and D-tartaric acids, which form an enantiomeric pair, and
meso-tartaric acid, which is not chiral.24 Thus, the thauma-
tin-tartrate system provides a test not only of chirality but
also of the more general effects of stereoisomerism in protein
crystallization.

*Corresponding author. Address: Yeshiva University, Belfer Hall 1412,
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5452. Fax: 212-960-0035. E-mail: asherie@yu.edu.
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In a recent communication, we reported our results for the
solubility of purified thaumatin crystals grown with sodium
L- and D-tartrate.25 We found that bipyramidal crystals form
with L-tartrate and their solubility increases with increasing
temperature; prismatic and stubby crystals form with
D-tartrate and their solubility decreases with temperature.
These results suggested that the two enantiomers interact
differentlywith thaumatin. Inorder to confirm this suggestion
and provide a molecular basis for our macroscopic observa-
tions, we report here theX-ray crystal structures of thaumatin
grownwith L- and D-tartrate. In addition, to address the more
general questionof the roleof stereoisomerism,wedetermined
the X-ray crystal structures of thaumatin grown with DL- and
meso-tartrate. All structures were obtained to very high
resolution (∼1 Å), allowing the stereochemical configuration
of the tartrate ions to be assigned unambiguously. We find
that the three stereoisomers interact with the protein at
different sites, leading to different crystal habits and crystal
packings. Thus, our results provide evidence that stereospe-
cific interactions between precipitants and proteins are im-
portant in crystallogenesis and should be controlled when
crystallizing proteins.

Experimental Section

Materials. Thaumatin (batch DBDS004) was provided by Natex
UK Limited, Sandy, UK. Acetic acid, sodium azide, monobasic
sodium phosphate, dibasic sodium phosphate, monobasic potas-
sium phosphate, phosphoric acid, sodium hydroxide, glycerol, and
2-propanol were purchased from Fisher Scientific, Pittsburgh, PA.
L-tartaric acid (cat. no. T1807, lot no. 033K3650 and 115K3712),
D-tartaric acid (cat. no. T206, lot no. 10121AD), meso-tartaric acid
(cat. no. T3259, lot no. 107K2562), ethylene glycol, polyethylene
glycol (PEG 400), and mineral oil were purchased from Sigma-
Aldrich. Deionized water was obtained from an E-pure 4-Module
deionization system (Barnstead International, Dubuque, IA). All
materials were used without further purification, except for the
thaumatin andmeso-tartaric acid, which were purified as described
below. Solutions were filtered through a Nalgene disposable
0.22 μm filter unit (Nalge Nunc International, Rochester, NY)
prior to use.

Purification and Characterization of Thaumatin. Thaumatin was
dissolved at about 100 mg/mL in 275 mM sodium acetate buffer
(pH= 4.5, conductivity σ= 8.0 mS/cm) with 0.02% (w/v) sodium
azide. The solutionwas centrifuged at 31000g for 30min to sediment
any undissolved solids. The supernatant was purified with an
€AKTAprime-plus preparatory scale low-pressure size-exclusion
chromatography system (GE Healthcare, Piscataway, NJ) by iso-
cratic elution at 1.5 mL/min on an XK26/100 column packed with
Sephacryl S-200 HR resin (GE Healthcare, Piscataway, NJ). The
buffer used was 275mM sodium acetate (pH=4.5, σ=8.0mS/cm)
with 0.02% (w/v) sodium azide. The monomer fraction was col-
lected and characterized as described previously.26 These results
showed that this fraction is essentially a homogeneous preparation
of thaumatin I.

Purification and Characterization of meso-Tartaric Acid. As
received, meso-tartaric acid has a yellow color and nutty odor. To
check the purity of the meso-tartaric acid, reverse-phase high
performance liquid chromatography (RP-HPLC) was carried out
on a Beckman System Gold apparatus at a flow rate of 1 mL/min
(Beckman Coulter, Fullerton, CA) by isocratic elution on a Inertsil
ODS-3V column (GLSciences, Torrance, CA). The buffer usedwas
114 mM potassium phosphate buffer (pH = 2.0, σ = 8.2 mS/cm).
RP-HPLC revealed that the initial meso-tartaric acid was contami-
nated by DL-tartaric acid (approximately 10%).

Meso-tartaric acid was recrystallized three times in 2-propanol.
To remove small amounts of 2-propanol which remained (1-2%by
number), the thrice recrystallized meso-tartaric acid was dissolved
in water close to the solubility limit at room temperature (about
1.2 g/mL) and then placed under a vacuum to remove the solvent.

The final material consisted of crystalline meso-tartaric acid mono-
hydrate as confirmed by elemental analysis and 1H and 13C NMR
measurements (data not shown). RP-HPLC showed that the purity
was greater than 99.5% and the enantiomeric ratio (er) of meso-
tartaric acid to racemic tartaric acid exceeded 99.5:0.5.

Crystallization. Purified Natex protein was dialyzed in an Ami-
con ultrafiltration cell with a 10 kDamembrane into 10mM sodium
phosphate buffer (pH = 7.3; σ = 1.5 mS/cm) with 0.002% (w/v)
sodium azide. It was then filtered (0.22 μm) and concentrated to
approximately 100 mg/mL in Centricon 10 concentrators. Though
some protein precipitated during this process, the precipitate ad-
hered to the concentrator, making it possible to collect a clear
solution of protein. We found that keeping the solution on ice
delayed any further precipitation while the crystallization experi-
ment was started. Glycerol was added to the solution so that the
final amount (after the addition of the precipitant) was 2.5%, 5%,
or 10% (v/v).

The tartrate stereoisomer of interest (0.125M, 0.25M, 0.5 or 1M
solution) was prepared in 10 mM sodium phosphate buffer (pH =
7.3, adjusted with NaOH) with 0.002% (w/v) sodium azide. To
prepare the racemic precipitant, equal volumes of the L-tartrate and
D-tartrate precipitants were combined.

The microbatch method was used to produce crystals for X-ray
diffraction studies. One microliter of precipitant was added to 1 μL
of protein solution and then covered with approximately 20 μL of
mineral oil in amicrobatch 72-well plate (HamptonResearch, Aliso
Viejo, CA). Initially, both hydrophilic (cat. no. HR3-120) and
hydrophobic plates (cat. no. HR3-086) were used, but after it was
found that the crystals tended to stick to the hydrophilic plates, only
the hydrophobic ones were used. The plates were left at a fixed
temperature (typically, 4 �C or room temperature, i.e., 20 ( 2 �C)
and inspected periodically by bright field microscopy with an
AxioImager A1m microscope (Carl Zeiss, Gottingen, Germany).
Observations were carried out for up to 2 months. Crystals were
harvested with mounted cryoloops (Hampton Research, Aliso
Viejo, CA) and dipped in a cryoprotectant (usually, 10-30%
glycerol solution with 0.5 M of the precipitant) immediately before
the diffraction measurements.

Data Collection, Refinement and Structural Analysis. All X-ray
diffraction data were recorded at beamline X6A (Brookhaven
National Laboratory, National Synchrotron Light Source, Upton,
NY, USA) between 13.5 and 15.1 keV with the exception of the
2VI4 data that were recorded at beamline ID15A (European Syn-
chrotron Radiation Facility, Grenoble, France) and at 56 keV. All
data were recorded at 100 K using an ADSC Q210 CCD detector
(Poway, CA, USA) at X6A and a MAR345 image plate (Mar
Research, Norderstedt, Germany) at ID15A. Data were indexed,
integrated and scaled in HKL 2000.27 Thaumatin crystal structures
were solved by molecular replacement using MOLREP28 and the
model from the PDB entry 1KWN.16 Each model was refined by
restrained maximum-likelihood refinement with REFMAC29,30

with individual anisotropic temperature factors and manual build-
ing performed in Coot.31 After the final refinement, stereochemistry
of the structures were assessed with PROCHECK.32 All figures
were prepared with PYMOL.33

Results and Discussion

Crystal Habits and Crystallization Conditions.When thau-
matin is crystallized with the different tartrate precipitants,
we observe three crystal habits: bipyramids, prisms, and
plates (Figure 1 and Table 1). With L-tartrate only bipyr-
amids are seen (Figure 1A); these are the rapidly forming
crystals which have made thaumatin a popular model sys-
tem.16-22 In contrast, when D-tartrate is used as the pre-
cipitant, prisms initially form and these grow into stubby
crystals (Figure 1C). At 20 �C, this is the only type of crystal
seen. However, at 4 �C bipyramids also appear after a few
days (Figure 1D).

meso-Tartrate produces the same prisms and stubby crys-
tals foundwith D-tartrate (Figure 1E), but no bipyramids are
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observed at either 4 or 20 �C. After about 2 weeks, plates are
seen to coexist with the prisms at 4 �C (Figure 1F). Plates are
not observed with either L- or D-tartrate.

The additionof the racemic DL-tartrate produces amixture
of bipyramids and prisms. At 20 �C, bipyramids and many,
stubby crystals coexist (Figure 1G), while at 4 �C, the
bipyramids coexist with fewer, smaller prisms (Figure 1H).

These results are consistent with our measurements of the
solubility of thaumatin grown with L- or D-tartrate.25 At
4 �C, the bipyramids formed with L-tartrate are about
30 times less soluble than the prisms formed with D-tartrate,
so most of the protein crystallizes as bipyramids. At 20 �C,
the bipyramids are only 8 times less soluble than the prisms,
so it is easier for prisms to form and grow into stubby
crystals.

If no tartrate is added, the protein precipitates as small
shards (Figure 1B). Such precipitation is also seen during
the concentration of thaumatin for the crystallization experi-
ments.26 Shards rarely give diffraction patterns. A
few diffracted reasonably well (resolution limit 1.3-1.7 Å),
and they have the same crystal packing as the prisms which
form in D-tartrate. Bipyramids can also form without
any tartrate added, but this is a rare event and the resolution
limit (1.6 Å) is much worse than when tartrate is used as a
precipitant.

Overall Structure of Thaumatin. The structures of thau-
matin in the different crystal habits are shown in Figure 2.
Each crystal habit corresponds to a different unit cell
(Tables 1 and 2, and Table S1, Supporting Information).
We find tartrate molecules as part of the structures obtained
from the bipyramids and the plates; no ordered tartrate is
found in the prisms or stubby crystals. Tartrate, therefore,
acts both as a precipitant and an additive in the formation of
protein crystals.

The most studied structure of thaumatin is that obtained
from bipyramids with L-tartrate (Figure 2A) because these
crystals are relatively easy to produce.23 Previous work
shows that one L-tartrate molecule associates with the pro-
tein near S36 and is important in establishing crystal con-
tacts.16,23 We find a second L-tartrate molecule, which has
not been reported previously, nearK97.Aswe discuss below,
it too connects different protein molecules in the crystal
lattice.

The structure of thaumatin obtained from prisms or
stubby crystals with D-tartrate (Figure 2B; red) is close to
that from bipyramids formed with L-tartrate (Figure 2B;
blue); the root-mean-square deviation between equivalent
CR atoms (rmsd-CR) is around 0.59 Å (Table S2, Supporting
Information). Unlike the structure obtained with L-tartrate,
the one found from prisms with D-tartrate does not contain
any tartrate molecules.

The protein structure determined from bipyramids which
form in D-tartrate (Figure 2C; magenta) is essentially iden-
tical to that from L-tartrate (Figure 2C; blue); rmsd-CR is
0.1 Å or less. There are, however, two significant differences
between the structures: D-tartrate replaces L-tartrate at the
S36 site and there is no D-tartrate at the K97 site. We note

Figure 1. Crystal habits of thaumatin with the stereoisomers of
tartrate. (A) Bipyramidal crystals in L-tartrate. (B)Amorphous shards
inno tartrate. (C)Prismsand stubbycrystals inD-tartrate. (D)Crystals
in D-tartrate after 3 days; bipyramids (indicated by the arrows) have
formed in addition to the prisms and stubby crystals already present.
(E) Prisms and stubby crystals in meso-tartrate. (F) Plates (indicated
by the arrows) in meso-tartrate after 55 days. (G) Bipyramids and
stubby crystals in DL-tartrate at 20 �C. (H) Bipyramids and prisms in
DL-tartrate at 4 �C. The scale bar in all figures is 100 μm.

Table 1. Crystallization Data and Conditions

Figure 1
(panel) precipitant habits

tartrate
in crystal temp (�C)

protein
conc (mg/mL) time elapsed

Protein Data
Bank entry

A 0.25 M L-tartrate bipyramid L 4 44.5 24 h 2VHR; 2VHKa

B none shards none 20 44.5 24 h 2WBZb

C 0.25 M D-tartrate prism/stubby none 4 50.7 19 h 2VI1
D 0.25 M D-tartrate bipyramid; prism/stubby D; none 4 50.7 3 days 2VI2; 2VI1c

E 0.25 Mmeso-tartrate prism/stubby none 20 64.0 19 h 2VU6
F 0.25 Mmeso-tartrate plates; prism/stubby meso; none 4 40.2 55 days 2VU7; ; d

G 0.50 M DL-tartrate bipyramid; prism/stubby L; none 20 50.7 19 h 2VI3; ; d

H 0.50 M DL-tartrate bipyramid; prism/stubby L; none 4 50.7 19 h 2VI4; ; d

a 2VHK is from bipyramids formed at 22 �C. b 2WBZ is from bipyramids formed at 4 �C without any tartrate after 11 days. c 2VI1 is from prisms
formed at 22 �C; this structure is almost identical to that obtained at 4 �C. dThe crystal packing and protein structure are almost identical to those of 2VI1
and 2VU6.
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that the bipyramids which grow in DL-tartrate also have no
tartrate at K97, and the enantiomer near S36 is L-tartrate.

Even greater differences are seen in the structure from
platy (plate-like) crystals grown inmeso-tartrate (Figure 2D;
green); rmsd-CR from the L-tartrate structure (Figure 2D;
blue) is about 0.8 Å. More importantly, the two meso-
tartrate molecules associate with the protein at completely
different sites, R82 and R171 [See movie in the HTML
version of this paper showing the locations of the tartrate

molecules (L-tartrate from 2VHK, D-tartrate from 2VI2, and
meso-tartrate from 2VU7) in relation to the thaumatin
tertiary structure (2VHK)].

We find that the overall protein structure does not change
for a given crystal habit, no matter how this habit was
formed. For example, rmsd-CR is less than 0.15 Å for all
bipyramids obtained under the various conditions studied.
Analogously, prisms and stubby crystals obtained under
different conditions also give nearly identical structures.
The correspondence between habit and structure is known
for other proteins which form polymorphic crystals, such as
lysozyme34 and bovine pancreatic trypsin inhibitor.35

Although the protein structures from a given habit are
nearly identical, those from different habits are not (Table
S2, Supporting Information). One important difference in-
volves the C-terminal amino acid A207. Positive density is
observed in the structures determined from prisms or plates,
where A207 forms hydrogen bonds via water to neighboring
protein molecules. No electron density is observed at this
position in structures determined from bipyramids, presum-
ably because such stabilizing bonds cannot form.

Tartrate Stereoisomers and Crystal Contacts. The tartrate
stereoisomers dictate the crystal contacts that form. Below
we examine the contacts which involve tartrate molecules in
bipyramids and plates (recall that no tartrate molecules are
found in prisms or stubby crystals). We observe bipyramids
with L-tartrate, D-tartrate, DL-tartrate, and no tartrate
(Figure 1 and Table 1); plates are observed only with meso-
tartrate.

Bipyramids: S36 Contact Site. One important crystal con-
tact is near S36 (Figure 2). This site has been described
previously for crystals with L-tartrate,16,23 but our 0.94 Å
resolution structure provides additional details about the
crystal contacts. We find that the L-tartrate molecule forms
hydrogen bonds, either directly or through one water mole-
cule, with three symmetry-related proteins involving a total
of 11 protein residues: R29, G34, E35, S36, K1370, F1520,
T1540, Y1570, Y1690, K6700, and P14100 (Figure 3A). Almost
all of these acceptor-donor distances are shorter than 3 Å
(Table S3, Supporting Information), suggesting that the
hydrogen bonds are relatively strong.36

The conformation of the L-tartrate molecule at the S36
site is similar to that found in many salts of L- or D-tartaric
acid.37,38 That is, the four carbon atoms lie in a plane
(antiplanar), the atoms comprising the carboxylate and
hydroxyl groups of the same half are approximately copla-
nar, and the angle between the two planar halves is about 66�
(Figure 4 and Table 3). Therefore, L-tartrate at the S36 site is
able to provide the appropriate intermolecular contacts for
crystallization while simultaneously satisfying the intramo-
lecular constraints that determine its most stable conforma-
tion. This may explain why it is such an effective crystallizing
agent for thaumatin, leading to the formation of bipyramidal
crystals in a few hours and sometimes even faster.

The bipyramids produced with D-tartrate form over the
course of several days, that is, much more slowly than with
L-tartrate. Initially, we thought that the slower kineticsmight
be due to a different interaction site. We find, however, that
D-tartrate occupies an almost identical location near S36
(Figure 3B). Indeed, the correspondence between the two
enantiomers is almost complete: with the exception of one
water molecule, every bond formed by D-tartrate has an
analog with L-tartrate (Tables S3, S4 and S6, Supporting
Information).

Figure 2. Overall structures of thaumatin with the stereoisomers of
tartrate. (A) Stereo cartoon of thaumatin frombipyramids grown in
L-tartrate (2VHK); the two L-tartrate molecules found in the
structure are also shown. (B-D) Stereoview showing a superposi-
tion of the CR atoms for thaumatin from crystals grown under
different conditions. The tartrate molecules associated with each
structure are also shown in the same color as the protein backbone.
(B) Prisms in D-tartrate (2VI1, red) and bipyramids in L-tartrate
(2VHK, blue). (C) Bipyramids in D-tartrate (2VI2, magenta) and
bipyramids in L-tartrate (2VHK, blue). (D) Plates in meso-tartrate
(2VU7, green) and bipyramids in L-tartrate (2VHK, blue).
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Nevertheless, the difference in the L- and D-enantiomer
interactions with the protein and local water is significant.
While L-tartrate adopts one stable conformation
(Figure 4A), D-tartrate has two almost equally probable
conformations (Figure 4B). These two conformations result
from the competition between intermolecular and intramo-
lecular interactions.

In conformer a of D-tartrate, the O1a oxygen atom of the
carboxylate group is close enough to the NH1 group of R29
tomake a hydrogen bondwith a donor-acceptor distance of
3.11 Å (Table 3). Though this distance is greater than the
corresponding bond of L-tartrate (2.90 Å), it is still within the
range of lengths (2.7-3.2 Å) typically found in proteins.39 In
conformer a, however, the intramolecular hydrogen bonding
between O1a and the neighboring hydroxyl oxygen O3 is not
optimal. The torsion angle of atoms O1a-C1-C2-O3 is
-49.4�; the carboxylate and hydroxyl groups are far from
being coplanar. In contrast, the corresponding torsion angle
in L-tartrate is 16.4�, which is within the range observed in
L- or D-tartrate crystals (-20� to þ20�).

In conformer b, the O1b-C1-C2-O3 torsion angle is
1.3� and the O1b-O3 distance is 2.62 Å suggesting intramo-
lecular hydrogen bonding. However, the carboxylate oxygen
is so far from the NH1 group of R29 (3.99 Å) that an
intermolecular hydrogen bond can no longer form.

The suboptimal nature of the D-tartrate configuration is
apparent also from the interaction between the other hydro-

xyl atomO4 and theNH2 group ofR29. In order to form this
hydrogen bond (donor-acceptor length 2.85 Å), the O4-
C3-C4-O5 torsion angle of-28.5�must exceed the optimal
limit. For L-tartrate, the corresponding hydrogen bond can
form (the length of O3-NH2 is 2.88 Å) and still maintain the
near-coplanarity of the hydroxyl and carboxylate groups
(O1-C1-C2-O3 torsion angle 16.4�).

Thus, while there is a correspondence between the bonds
that L- or D-tartrate can form with the proteins, D-tartrate
cannot satisfy both the intermolecular and intramolecular
bonding constraints as well as L-tartrate can. That is,
D-tartrate binds to this site with a lower probability. This is
the likely reason for the slower crystallization of bipyramids
with D-tartrate.

The experiments with racemic (DL)-tartrate support our
view that L-tartrate is better suited than D-tartrate for the S36
binding site. The bipyramids which form with the racemate
always contain L-tartrate at this binding site (Table S1,
Supporting Information).

The results also suggest that R29 is a particularly impor-
tant residue for crystallization. This is confirmed by
our experiments without tartrate. If no tartrate is added
to the solution, bipyramids form only rarely and they are
much smaller (<50 μm) than those seen with L- or D-tartrate.
In one case, we were able to determine the protein structure
at 1.6 Å (2WBZ, Table S1, Supporting Information).
There are four water molecules which replace four oxygen

Table 2. Data Collection and Structure Refinement Statistics

PDB entry 2VHK 2VI1 2VI2 2VU7

Data Collection
habit bipyramid prism/stubby bipyramid plate
space group; symmetry P41212; tetragonal P212121; orthorhombic (1) P41212 tetragonal P212121; orthorhombic (2)
unit cell dimensions (Å) a = b = 57.88 a = 50.94 a = b = 57.91 a = 43.81

c = 149.95 b = 54.30 c = 150.88 b = 63.91
c = 70.81 c = 71.68

resolution range (Å) 13.00-0.94 20.00-1.04 20.00-1.08 20.00-1.08
last shell 0.96-0.94 1.06-1.04 1.10-1.08 1.10-1.08
completenessa (%) 99.0 (100.0) 99.0 (97.7) 95.6 (70.9) 98.1 (79.2)
I/σIa 31.9 (3.1) 36.1 (2.2) 56.8 (8.3) 26.3 (2.0)
Rsym (%)a 4.4 (58.9) 5.2 (70.1) 3.9 (18.3) 5.6 (33.1)
redundancya 6.1 (6.7) 7.2 (6.0) 8.6 (5.0) 5.1 (2.0)
mosaicity (�) 0.15 0.24 0.18 0.43
VM (Å3 /Da)/solvent content (%) 2.7/54.4 2.1/41.5 2.7/54.7 2.2/43.0

Refinement
overall Rcryst/Rfree 12.5/13.4 12.8/14.0 11.9/12.6 12.8/14.3

Number of Atoms
peptide chain (no. of residues) 1545 (206) 1551 (207) 1545 (206) 1551 (207)
tartrate ionsb 20 (2; L) 10 (1; D) 20 (2; meso)
glycerol (no. of molecules) 18 (3) 18 (3) 18 (3)
ethylene glycol (no. of molecules) 8 (2)
water O atoms 372 292 359 349

Rms Deviation from Ideal
bond length (Å) 0.010 0.012 0.011 0.015
bond angles (�) 1.552 1.560 1.524 1.727
average B factors (Å2) (overall) 11.6 13.1 11.8 11.5
peptide main chain/side chain 8.7/10.2 10.2/12.5 9.2/10.9 8.9/10.9
tartrate ions 9.2 12.7 13.3
glycerol 13.8 11.9 13.5
ethylene glycol 11.2
water 20.2 22.9 19.0 18.7

Ramachandran plot
most favored (%) 90.5 87.6 90.5 91.1
additionally favored (%) 9.5 12.4 9.5 8.9
disallowed (%) 0.0 0.0 0.0 0.0

aNumber in parentheses refers to the highest resolution shell. b In parentheses: (no. of molecules in the structure; stereoisomer).
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atoms of the missing L- or D-tartrate molecule. These
water molecules allow for some of the intermolecular hydro-
gen bonds found with tartrate to form (Tables S5 and
S6, Supporting Information). Although many hydrogen
bonds are lost without L- or D-tartrate, most of the protein
residues are at positions similar to those found with tartrate.
R29, however, is a notable exception (Figure 3C). It occupies
with equal probability two conformations where the
terminal carbon atoms are about 4.1 Å apart, and it is
not involved in any intermolecular hydrogen bonding
through water. It is likely that fewer hydrogen bonds and
the consequent floppiness of R29 are the reasons why the
formation of a bipyramid without tartrate is such a rare
event.

Bipyramids: K97 Contact Site. The bipyramids grown in
L-tartrate contain a second tartrate molecule near K97
(Figure 2) which is involved in making crystal contacts. It
forms hydrogen bonds, either directly or through one water

molecule, with two symmetry-related proteins involving a
total of six protein residues: G96, K97, G195, S196, A1360,
and K1370 (Figure 5). Also, this L-tartrate molecule, like the
one near S36, adopts the commonly observed L-tartrate
conformation: the four carbon atoms lie in a plane, the
carboxylate and hydroxyl groups of the same half are
approximately coplanar, and the angle between the two
planar halves is about 66�.

Figure 3. Crystal contact site of L- and D-tartrate in bipyramidal
crystals. Stereoview of the crystal contact site near S36. (A)
L-tartrate (2VHK); (B) D-tartrate (2VI2); and (C) no tartrate
(2WBZ). The tartrate molecule (yellow) interacts with three sym-
metry-related proteins (shown with green, magenta, and orange
carbon atoms) through a network of hydrogen bonds, which are
either direct bonds or via water (O atoms shown as red spheres). The
2Fo - Fc density for this and other figures is shown as a gray mesh,
contoured at 1.5σ.

Figure 4. Selected hydrogen bonds at the crystal contact site of
L- and D-tartrate in bipyramids. (A) L-Tartrate (2VHK) and (B)
D-tartrate (2VI2) interacting with R29. The dashed red and black
lines denote the bonds for the two conformers of D-tartrate (con-
former a in black; conformer b in red).

Table 3. AtomicDistances andTorsionAngles for L- and D-Tartrate at the

Bipyramidal Contact Site

L-tartrate (2VHK) D-tartrate (2VI2)

atomsa distance (Å)b atoms distance (Å)

O1-NH1 2.90 O1a-NH1 3.11
O1b-NH2 3.99

O1-O3 2.72 O1a-O3 2.91
O1b-O3 2.62

O3-NH2 2.88 O4-NH2 2.85
O4-O5 2.57 O4-O5 2.71

O4-O1a 2.93

atoms torsion (�) atoms torsion (�)

C1-C2-C3-C4 -178.2 C1-C2-C3-C4 177.9

O1-C1-C2-O3 16.4 O1a-C1-C2-O3 -49.4
O1b-C1-C2-O3 1.3

O3-C2-C3-O4 -64.8 O3-C2-C3-O4 65.3

O4-C3-C4-O5 14.0 O4-C3-C4-O5 -28.5

aThe symbols used refer to the atoms shown in Figure 4. bThe
distances are between non-hydrogen nuclei.
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Although the L-tartrate near K97 adopts a favorable
conformation, the binding is not as strong as at the S36 site.
The electron density of the K97 L-tartrate is not as well-
defined and the occupancy is only 0.50 (vs 1.00 for the S36
L-tartrate). Furthermore, we observe this L-tartrate molecule
only in experiments where pure L-tartrate is the precipitant.
It is absent in experiments with precipitants DL-tartrate or
D-tartrate, suggesting that binding occurs at this site only
when the concentration of free L-tartrate is sufficiently high.
This may be a consequence of the fewer intermolecular
hydrogen bonds which are made at this site.

Our best structures;those with highest resolution and
lowestmosaicity;are the ones obtained from crystals grown
in pure L-tartrate (Tables 2 andS1, Supporting Information).
It is likely that the additional crystal contact site at K97
contributes to the rigidity of the protein resulting in im-
proved diffraction, but further work must be carried out to
confirm this hypothesis.

Plates: R171 and R82 Contact Sites. Plates are formed
when meso-tartrate is used as the precipitant. There are two
contact sites involving meso-tartrate in these crystals; one is
near R171 and the other is near R82 (Figure 2). At both sites,
the meso-tartrate forms hydrogen bonds, either directly or
through one water molecule, with two symmetry-related
proteins (Figure 6). At the R171 site, the contact involves
seven protein residues: R171, R175, D250, G280, R290, W370

and R760 (Figure 6A); at the R82 site, eight residues are
involved: D70, G72, R79, F80, G81, R82, Q1530 and S1550

(Figure 6B; T1540 is shown for completeness).
Unlike L-tartrate, the conformation of meso-tartrate at

each contact site is different: the twomeso-tartrate molecules
are essentially mirror images of each other (the C1-C2-
C3-C4 torsion angle for themeso-tartrate atR171 is-79.4�,
while it is 71.1� for the meso-tartrate at R82). These con-
formations are different from those of L- and D-tartrate,
where the four carbon atoms are coplanar.40 The variability
in the conformation of meso-tartrate is consistent with what
is found in the salts of meso-tartaric acid, where the con-
formation of the meso-tartrate depends on the cations with
which it crystallizes.41-43 In our case, each chiral protein site
selects for one of two enantiomeric conformers of the achiral
meso-tartarte.

Themeso-tartrate contact sites are rich in arginine residues.
Indeed, as we observed with R29 at the bipyramidal crystal
contact site (Figure 3), all arginines at the two meso-tartrate
contact sites adopt conformations which allow direct or
indirect hydrogen bonding with meso-tartrate. Furthermore,
these conformations promote crystal contacts not mediated
directly by themeso-tartrate such as a hydrogen bond between
R79 and Q153 (Figure 6B). The importance of the interaction

between meso-tartrate and the arginine residues is confirmed
by examining a similar crystal packing of thaumatin (i.e., same
unit cell) which was obtained at lower resolution (1.75 Å)
without the use of tartrate (PDB ID: 1THV).23None of the six
arginines in this structure are at the same locations as in our
structures with meso-tartrate; the distance between the term-
inal carbon atoms of equivalent arginine residues are in the
range 0.96 Å (R29) to 5.48 Å (R171).

Crystal Packing. The crystal packings of the bipyramids
with L-tartrate and the plates withmeso-tartrate are shown in
Figure 7. As discussed above, there are two L-tartrate
molecules in the bipyramidal structure (Figure 7A): one
molecule near S36 (Figure 3A) connects three symmetry-
related proteins (tartrate shown in red), and the other near
K97 (Figure 5) connects two proteins (tartrate shown in
blue). The plates also contain two tartrate molecules
(Figure 7B), but each meso-tartrate connects only two pro-
teins; the tartrate near R171 (Figure 6A) is shown in red, and
the one near R82 (Figure 6B) is shown in blue.

The packing of the prisms which we find with precipitants
D- andmeso-tartrate does not involve any tartrate molecules.
The prisms grown in D-tartrate have a different solubility
than the bipyramids grown in L-tartrate: the solubility of the
prismatic crystals decreases with increasing temperature,
while the solubility of the bipyramids increases with tem-
perature.25 This difference may be connected to the presence
or absence of tartrate in the crystal, and we are currently
conducting further solubility measurements to test this hy-
pothesis.

Role of Additives.The principal additive we used to obtain
the high-resolution structures is glycerol. In our experiments,
glycerol has two roles. First, it increases the viscosity of the
crystallization solution, slowing the diffusion of protein

Figure 5. Stereoview of the L-tartrate crystal contact site near K97
for bipyramids (2VHK). The L-tartrate molecule (yellow) interacts
with two symmetry-related proteins (shownwith green andmagenta
carbon atoms).

Figure 6. Crystal contact sites ofmeso-tartrate in plates. (A) Stereo-
view of the meso-tartrate crystal contact site near R171. The meso-
tartrate molecule (yellow) interacts with two symmetry-related
proteins (shown with green andmagenta carbon atoms) in the platy
crystals (2VU7). (B) Stereoview of themeso-tartrate crystal contact
site near R82. The meso-tartrate molecule interacts with two
symmetry-related proteins (shown with green and orange carbon
atoms).
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molecules. As a result, the nucleation and growth of the
crystals are altered so that fewer and larger crystals are
formed. Second, glycerol acts as a cryoprotectant. Without
glycerol, the highest resolution we could obtain was 1.3 Å,
and it was usually much lower. With glycerol, we obtained
many data sets with a resolution better than 1 Å.

The glycerol molecules associate with the protein. Three
glycerols per protein are found in both the bipyramids
formed in L-tartrate (Figure S1A, Supporting Information)
and the prisms formed in D-tartrate (Figure S1B, Supporting
Information), but the glycerol occupies different locations in
the two habits.

The plates formed inmeso-tartrate were grown in glycerol,
but we discovered that glycerol was not an optimal cryopro-
tectant for these crystals. Therefore, we used 35% (v/v)
ethylene glycol; we find two molecules of ethylene glycol
per protein in these crystals (Figure S1C, Supporting Infor-
mation).

Our results with the plates suggested that the additives
diffuse into the crystal lattice from the cryoprotectant and do
not participate in the crystal nucleation and growth. To
confirm this suggestion, we performed two sets of experi-
ments. In the first, we took small, prismatic crystals grown
with glycerol (but without tartrate) and used 30% (v/v) of
ethylene glycol as the cryoprotectant instead of glycerol. In
the second, we took crystalline shards of thaumatin which
formed without glycerol and used two cryoprotectants, each
at 30% (v/v): glycerol and ethylene glycol. In all experiments,

the additivewe found in the structureswas the one used in the
cryoprotectant. Another experiment, in which polyethylene
glycol (PEG 400) was used as the cryoprotectant for prisms
grownwithout glycerol, revealed no additive in the structure.
It is possible that the PEG does not diffuse into the crystal.
Alternatively, the PEG may be disordered in the lattice and
thus is not seen in the electron density maps.

The resolution of the structure must be fairly high for
additives to be observed. We could not confidently identify
any glycerol molecules in the lower resolution (1.6 Å)
bipyramids grown without tartrate (2WBZ, Table S1, Sup-
porting Information) when glycerol was the cryoprotectant.
This is consistent with previous observations.44 Even though
glycerol was used as a cryoprotectant, it was not observed in
the X-ray structure; its presence was deduced from the
displacement of water molecules.

Finally, we confirmed that the tartrate molecules are an
integral part of crystal formation and do not diffuse into the
crystal at a later stage. Prisms formedwithout tartrate do not
incorporate D-tartrate into their structure when soaked
briefly in a 500 mM solution of D-tartrate.

Thaumatin as a Sweet, Model Protein. Interest in the
structure of thaumatin has persisted since the protein was
first crystallized over 30 years ago.45 Thaumatin has been
crystallized in five different habits with a variety of precipi-
tants and undermany different conditions, including crystal-
lization in gel and in microgravity.16,46-48 There are two
factors which drive this interest: a desire to understand the
unusual sweetness of the protein;about 100 000 times
sweeter than sucrose on a molar basis49;and the use of
thaumatin as a model protein in crystallization and crystal-
lography studies.

The structural basis for the intense sweetness of thaumatin
is still incomplete. There is no sequence homology between
thaumatin and other sweet proteins, and the binding me-
chanism of thaumatin is not fully understood.50 Mutational
studies identified numerous residues which affect the sweet-
ness of the protein. It was recently shown that K67 and R82
are critical residues in eliciting the sweetness response.51 The
two residues are close (the distance between the CR atoms is
less than 9 Å) suggesting that the sweet taste receptor
recognizes this region of the protein. Since these residues
are at the sites where L-tartrate and meso-tartrate interact
with the protein, it should be possible to alter the sweetness
and bitter aftertaste of thaumatin by adding suitable small
molecules.

It has been noted that local, rather than global, structural
changes determine the sweetness of thaumatin.51 Thus, it is
important to work with structures that provide sufficient
detail when investigating thaumatin’s sweetness. Our high-
resolution structures are therefore starting points for experi-
mental and computational studies of thaumatin’s sweetness.

Although thaumatin is used frequently as amodel protein,
few of the available structures are of high quality. Some are
more than a decade old and are understandably at lower
resolution. For most structures, however, there is an incon-
sistent assignment of residues; the amino acid sequence
reported does not correspond to the known cDNA sequence
of thaumatin I.52 This is due in part to low resolution, but
also results from using impure protein.

Most investigators use the unpurified thaumatin from
Sigma-Aldrich which is a 3:1 mixture (molar ratio) of
thaumatin I and II.26 Thaumatin II differs from thaumatin
I at five positions: N46K, S63R,K67R,R76Q,N113D.52We

Figure 7. Packing of thaumatin molecules with crystal contacts
mediated by tartrate ions. (A) Bipyramidal crystals (2VHK) where
one L-tartrate (red) interacts with three protein molecules and the
other L-tartrate (blue) interacts with two protein molecules. (B)
Platy crystals (2VU7)where each of the twomeso-tartratemolecules
(red and blue) interacts with two protein molecules.
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would expect that if the unpurified protein is used, the
electron density at some or all of these positions should be
noisy. This is indeed the case for two previously reported
tetragonal packings of thaumatin: 1KWN16 at 1.2 Å and
1RQWat 1.05 Å (Ma et al., to be published). The sequence of
thaumatin I is assigned to the protein for 1KWN, while the
sequence chosen for 1RQW does not correspond to any
known thaumatin sequence. In our experiments, we use
purified thaumatin I and our X-ray structures are consistent
with the amino acid sequence of the protein.

We have been able to establish the usefulness of using
stereochemically pure precipitants by working with pure
protein. For example, we crystallized thaumatin in three of
its five known habits simply by changing the stereoisomer of
tartrate used as a precipitant; the structure we obtained for
each habit is at amuch higher resolution than has been found
before. Furthermore, the use of stereochemically pure pre-
cipitants reveals interactions not seen in earlier studies, such
as the second L-tartrate near K97 (Figure 5). We believe that
this crystal contact was not observed previously because of
either low resolution23 or the use of racemic tartrate.16

Our findings are consonant with recent results showing
how small organic molecules can be used to crystallize
proteins, often by making stabilizing crystal contacts.53

However, these experiments typically involve cocktails of
many small molecules as the precipitant; our work suggests
that high-resolution structures aremost likely to be obtained
when the precipitant is stereochemically pure. The prisms
which we grow in D- ormeso-tartrate diffract to 0.95 Å; those
grown in a cocktail without tartrate diffract to 1.6 Å.

Finally, our work shows that controlling precipitant
stereochemistry can be helpful when crystallizing protein.
It is therefore disheartening to see inconsistencies in the
stereochemical designation of molecules in the Protein Data
Bank. Sometimes these problems are minor. An incorrect
identifier name can cause confusion when a racemic preci-
pitant is used (e.g., the L-tartrate in 1KWN is labeled as
D-tartrate in the “ligand chemical component”).16 In other
cases, the problem is more serious, such as when impossible
stereochemical assignments are made (e.g., the precipitate
used in 2C1L is L-tartrate, but the PDB entry contains also
D- and meso-tartrate).54 These findings should encourage
others to carefully consider the role of precipitant stereo-
chemistry when crystallizing proteins.

Conclusions

We report here atomic resolution structures of thaumatin
that demonstrate the benefits of using pure protein and
stereochemically pure precipitants for crystallizing proteins.
Our findings provide the basis for biophysical studies into the
mechanism by which the stereochemistry of precipitants
changes the thermodynamics and kinetics of protein crystal-
lization.We expect that the structureswehave determinedwill
be useful for understanding the unusual sweetness of thau-
matin.
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