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ABSTRACT: The ionic liquids (ILs) 1-butyl-3-methylimidizolium chloride ([@im]Cl), 1-butyl-3-methylimidizolium 2(2-
methoxyethoxy)ethylsulfate (lhim][MDEGSO4]), and 1-butyl-1-methylpyrollidinium dihydrogenphosphate ([p1,4][DHP]) were
tested for their effects on the crystallization of the proteins canavaliactoglobulin B, xylanase, and glucose isomerase, using a
standard high throughput screen. The crystallization experiments were set up with the ILs added to the protein solutions at 0.2 and
0.4 M final concentrations. Crystallization droplets were set up at three protein/precipitant ratios (1:1, 2:1, and 4:1), which served
to progressively dilute the effects of the screen components while increasing the equilibrium protein and IL concentrations. Crystals
were obtained for all four proteins at a number of conditions where they were not obtained from IL-free control experiments. Over
half of the proteir-IL combinations tested had more successful outcomes than negative outcomes, where the IL-free crystallization
was better than the corresponding IL-containing outcome, relative to the control. One of the most common causes of a negative
outcome was solubilization of the protein by the IL, resulting in a clear drop. In one instance, we were able to use the IL-induced
solubilizing to obtaing-lactoglobulin B crystals from conditions that gave precipitated protein in the absence of IL. The results
suggest that it may be feasible to develop ILs specifically for the task of macromolecule crystallization.

Introduction conservatior#®~28 This has led to the development of ILs
specifically for use with protein®.2® Interestingly, several
examples have been found to thermally stabilize proteins, in
some instances to over 102?20 The effects of adding
hydroxyls to short aliphatic chains have been found to increase
protein stability in imidazolium-based |13 Ls have also been
shown to be useful for refolding proteif&331t is important to

note here, however, that other studies have suggested the
denaturation and subsequent inability of enzymes to refold is a
result of contact with IL solution! This potential range of

lonic liquids (ILs), defined generally as salts composed of
separate cations and anions with melting points below°T)0
are a class of compounds that form a unique state of matter
that has been known, but not intensely studied, for over a
century!=* Only fairly recently=° has the investigation of ILs
seen a resurgence of interest, primarily due to favorable solvent
properties (e.g., the low or negligible volatility and large liquidus
range that many examples exhibit) and the growing social

« " 1017
pressure for new “green” technologi€s:” variability in IL structure and solution properties makes them

ILs are structurally distinct materials, differing from molecular - 4ttractive materials for macromolecule applications in general
solvents, as they possess cationic and anionic components thag , 4 crystallization in particular.

can be individually and independently tailored for various — pegpite the growing number of detailed studies involving the

applications while retaining the desirable properties of the IL jnaractions of ILs and proteins, there has been surprisingly little
state of matter. Recent studies delving into the physical oot 1o utilize ILs for protein crystallization (or for crystal-

properties of I.Ls have shpvyn a degree _of localized structuri_ng lization of any kind for that matté®). In fact, to date only the
around each lon contradicting the prey|ously gccepted nOt"_)n crystallization of lysozyme from the IL ethyl ammonium nitrate
that the materials were composed of disassociated ions setting,2¢ peen reportéd. One reason for this may be that, until
them_ apf;r}9 from both partially ionized solvents and salt recently, many ILs have not been readily available com-
solutions. , , mercially, and those that have been available were relatively
In 1888, Hofmels_ter established the strength of salts used toexpensive. The rapid expansion of the field has now resulted
salt-out egg proteins, now commonly referred to as the i, 5 number of ILs becoming commercially available at
“Hofmeister series”, that reflects an ordering of the salts from (o550nable prices.
kosmotropic to chaotropi®’ ILs are typically chaotropic by Our own interest has been in the use of ILs for the
design; that is, they have depressed melting points as a resuliyystallization of membrane proteins. However, preliminary
of low-symmetry ions that contain charge delocalization and gy,dies have been carried out using model soluble proteins to
only weak intermolecular interactions. Such salts should be et if they would be at all useful for macromolecule crystal-
water-destructuring, and this is born out by experiments where jization. This report looks into the utility of the ILs 1-butyl-3-
IL examples can be "salted-out” when aqueous solutions are methyiimidizolium chioride ([Gmim]Cl), 1-butyl-3-methylimi-
mixed with aqueous solutions of kosmotropic s&¥: _ dizolium 2(2-methoxyethoxy)ethylsulfate (J@im][MDEG-
Stgd@s have shpwn that enzymes may retain their catalytic S04]), and 1-butyl-1-methylpyrollidinium dihydrogenphosphate
activity in IL solutions presumably as a result of structure (Ip1,4][DHP]) for the crystallization of the model proteins
canavalin S-lactoglobulin B, glucose isomerase, and xylanase.
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Table 1. Summary of the Effects of Added IL on Crystallization Outcome3

0.2MIL 0.2MIL 0.4MIL 04 MIL
improved worse precip— improved worse precip—
protein+ IL 1:1 2:1 4:1 1:1 2:1 4:1 clear 11 2:1 4:1 11 2:1 4:1 clear
CAN + [C4mim]CI 6 8 17 3 5 5 9 3 14 20 4 5 6 10
CAN + [Csmim][MDEGSO4] 2 0 1 6 12 16 3 0 3 3 8 12 15 3
CAN + [p1,4][DHP] 1 1 1 8 10 15 4 0 2 1 8 11 15 11
BLB -+ [C4mim]ClI 2 2 0 0 1 0 1 3 2 1 0 1 0 0
BLB + [C4mim][MDEGSO0A4] 2 3 0 1 1 0 0 1 0 1 0 1 1 0
BLB + [p1,4][DHP] 6 4 1 1 1 0 0 4 4 0 1 1 0 0
XLN + [Csmim]CI 19 30 2 3 1 7 0 19 16 5 2 2 7 3
XLN + [p1,4][DHP] 4 4 0 2 2 7 5 5 0 1 2 2 7 3
Gl + [Csmim]CI 11 15 6 13 18 21 37 4 10 11 13 19 20 36

aThe numbers given are with respect to the corresponding IL-free control solutions. The -pretgar column is the number of outcomes where the
control was precipitated, but the corresponding-lbutcome was a clear solution.

composition for each precipitant solution is as given with the list were equivalent received no score. In cases where both wells had
accompanying the screen kit, also available at http://www.hamptonre- equivalent crystals, but one drop had a higher scoring precipitated phase
search.com. Specific salts and the polymers (poly(ethylene glycol) than the other(s), that drop received a score of 1. Where one drop had
(PEG), polyethylene glycol monomethyl ether (PEGMME), and poly- a clear single outcome, such as just having crystals present, and a
oxyalkyleneamine (Jeffamine)) are described for noted crystallization competing drop had crystals plus precipitant, than the single outcome
conditions. drop was scored as having the better outcome.

PEG-4000 (cat. no. 33136, Serva) was prepared as a 50% w:v
solution in distilled water. A working solution of 5-(and-6)-carbox-
yrhodamine 6G, succinimidyl ester (CR, cat. no. C-6157, Invitrogen)
was prepared by dissolving the contenfacc mgbottle in 1 mL of

reagent grade dimethylformamide (Sigma, cat. no. D-8654). This - . . .
solution was stored at20 °C when not in use. Crystallization droplets were set up in three different ratios of

Proteins.Canavalin (CAN) was purified as previously descriBe#. protein to precipitant solution, and the precipitant progressively
B-Lactoglobulin B (BLB, cat. no. L-8005) was purchased from Sigma diluted while the concentration of the protein solution and
and used without further purification. Glucose isomerase (Gl, cat. no. components within it were increased to eventual equilibrium.
HR7-100) and xylanase (XLN, cat. no. HR7-104) were purchased from \When IL was present in the protein solution, its concentration
Hampton Research and used without further purification. All proteins \yas also progressively increased relative to the precipitant

Results

Proteins were selected on the basis of their ready availability.

were trace fluorescently derivatized with carboxyrhodamine (Molecular
Probes, cat. no. C-6157) as previously descrife@oncentrated

derivatized and underivatized protein solutions were prepared by

solution; that is, the IL becomes a progressively more dominant
component of the crystallization droplet. Monitoring where

centrifugal ultrafiltration, and these were used to prepare stock solutions Crystals are obtained in these IL-containing solutions thus may

for crystallization trials.

lonic Liquids.1-Butyl-3-methyl imidazolium chloride ([@nim]Cl)
was prepared as previously descrifed-Butyl-3-methylimidazolium
2(2-methoxyethoxy)ethylsulfate (f@im][MDEGSO4]) was obtained
from Solvent Innovations (ECOENG 41M, cat. no. 99,200-1)rKo
Germany). 1-Butyl-1-methylpyrrolidinium dihydrogenphosphate ([p1,4]-
[DHP]) was prepared by published methods. Stock solutions, 3.0 M,
of each IL in deionized KD were prepared and used to make the IL-
containing protein solutions.

Crystallization Trials Crystallization plates were set up as previously
described. Briefly, the reservoir solution for all wells was 0.1 mL of
50% PEG-4000! Greiner crystallization plates were used, with the
three crystallization drops for each well comprising a 1:1, 1:2, and 1:4
v:v ratio of precipitant and protein solution. After sealing was
performed, the plates were stored in an incubator at@0Crystal-
lization control solutions were prepared by dilution of stock higher
protein concentration solutions with distilled water to the following
final concentrations: CAN, 10 mg mt; BLB, 20 mg mL™%; GI, 15
mg mL %, and XLN 15 mg mL*. Where IL was added, part of the
dH,O was replaced by the appropriate volume of stock IL solution to
give the desired final IL concentration with the protein at the same
final concentrations as the controls.

Scoring of ResultsScoring of all wells was carried out using the

give some insight into whether the ILs are acting as additives,
here defined as solutes that improve on a precipitated state, i.e.,
amorphous or granular precipitate to crystals, or as the
precipitating species. No attempts were made to further optimize
any of the positive outcomes with respect to IL concentration
or other solution conditions.

The data for positive and negative outcomes, relative to the
IL-free control droplets, for all experiments are summarized in
Table 1. This table also gives the number of droplets where a
precipitated outcome in the control solution yielded a clear drop
in the IL+ condition. Figure 1 shows the number of cases where
the positive outcomes were not due to an improvement in a
crystal in the control but due to an improvement from a less
well-structured state (spherulites, microgranular precipitate,
amorphous precipitate, phase change, or clear solution). The
number of droplets where crystals were obtained intIL
solutions, which had clear solutions in the controls, is given in
Table 2.

Canavalin. Initial analysis of the results for CAN indicated
that the ILs affected the outcomes in the ordeyni@n]CI (96

numerical system accompanying the Hampton Screen kit. While grops)> [C,mim][MDEGSO4] (78 dropsy [p1,4][DHP] (73
distinctions can be made between granular or microcrystalline and drops). When scored for positive outcomes in the IL containing

amorphous precipitate, the analysis presented only considers those well

having a score of 6 (needles) or higher. Each crystallization drop is

S

drops vs the IL-free control, the same trends were noted, with

scored separately, for a total of 288 drops/plate, with comparisons beingthe ratios being [@nim]Cl (68 drops)> [C4smim][MDEGSOA4]
made between the IL-containing drops and the corresponding IL-free (9 drops) > [p1,4][DHP] (6 drops). There was not always

drop in the control plate.
As there were typically one control (IL-free) and two experimental

(0.2 and 0.4 M IL) results, a case where the IL-free droplet had a higher
scoring outcome than both test droplets resulted in a score of 2. Each
test droplet that was higher scoring than the corresponding control
received a score of 1. There were a number of instances where the
control scored higher in one set of corresponding droplets, but the IL-

overlap in the positive outcomes for the three ILs. [p1,4][DHP]
gave positive outcomes for conditions F6 and F7 (10% Jeffamine
M-600, 0.01 M FeQ-6H,0; 2.5 M hexanediol, respectively,
both in 0.1 M sodium citrate buffer, pH 5.6). However, for
condition F7 most of the outcomes for this IL were negative,
while for [Cymim][MDEGSO4] condition F6 had one positive

containing test scored higher in another. Conditions where the outcomesand for F7 two negative outcomes, and;f@m]Cl had six
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Figure 1. Number of crystals obtained for each protein IL

Crystal Growth & Design, Vol. 7, No. 4, 2007789

species and whether a positive or negative outcome was
achieved. In many cases, there were mixed outcomes, where,
for example, in droplets at a 1:1 mixing ratio the control had a
better outcome, but at 2:1 and/or 4:1 ratios the IL-containing
solution had the better outcome. While there are insufficient
data for CAN with [Gmim][MDEGSO4] and [p1,4][DHP], the
positive outcomes for CAN are generally weighted toward the
higher protein/precipitant ratio drops. This was also the case
for the negative outcomes.

p-Lactoglobulin B.BLB was soluble in all three ILs tested.
All ILs gave more positive than negative outcomes in the
crystallization screening trials. There were fewer overlaps in
the positive outcomes for BLB, with only one precipitant
solution, A6 (30% PEG-4000, 0.2 M Mg&6H,0, 0.1 M Tris-
HCI, pH 8.5), showing a change from the control for all three
ILs. Only two other conditions, B5 and B10 (30% PEG-4000,
0.2 M LizSOsH,0; 30% PEG-4000, 0.2 M NaOA8H,0,
respectively, both in 0.1 M Tris-HCI buffer, pH 8.5), showed
effects from two ILs ([Gmim][MDEGSO4]— [p1,4][DHP] and
[C4mim]CI — [Csmim][MDEGSO4], respectively). In only one
condition, G10 (1.0 M NaOASH,0, 0.05 M CdS@8/3H,0,
0.1 M HEPES, pH 7.5), shown in Figure 3, was the precipitant

combination where the control outcomes had scores less than 63 salt and not a small organic molecule or higher MW PEG-

(needles). The X axis is the protettL combination, the Y axis is the
IL concentration in the protein with the protein/precipitant drop ratio,
and the Z axis is the number of conditions where the- lhutcomes
had scores>6 (needles).

Table 2. Number of Positive IL+ Outcomes where the
Corresponding Controls Were a Clear Solution

0.2MIL 0.4MIL
improved, improved,
control score< 6  control score<6
protein+ IL 1 21 41 11 21 41
CAN + [C4mim]CI 1 0 6 0 0 4
CAN + [Cymim][MDEGSO4] 1 0 6 3 1 3
CAN + [p1,4][DHP] 2 0 8 2 0 2
BLB + [C4mim]CI 0 0 2 0 0 2
BLB + [Cymim][MDEGS04] 0 2 0 1 0 0
BLB + [p1,4][DHP] 0 0 0 0 0 0
XLN + [C4mim]CI 0 1 0 0 0 0
XLN + [p1,4][DHP] 0 0 0 1 2 0
Gl + [Csmim]CI 0 0 0 1 0 0

negative outcomes for condition F7. Conditions E12 (30% PEG-
400, 0.1 M CdCJ-2.5H,0, 0.1 M HEPES, pH 7.5), F6, G2 (30%
PEGMME 5000, 0.2 M (NH),SO4, 0.1 M MES, pH 6.5), G7
(20% Jeffamine M-600, 0.1 M HEPES, pH 7.5), and H10 (20%
PEGMME 550, 0.1 M NacCl, 0.1 M bicine, pH 9.0) were the
only conditions where the outcomes fronyif@m][MDEGSO4]
and [pl1,4][DHP] were unique compared to4f@m]Cl, i.e.,
changes from the control were not observed withnfitn]ClI
in these cases, with F6, G7, and H10 being unigue positives.
Generally, the improved outcomes for CAN were ap-
proximately evenly split between the 0.2 and 0.4 M IL
conditions. Figure 2 shows the results for conditions AlOc,
precipitant condition A10 (30% PEG-4000, 0.2 M (BAc,
0.1 M NaAc, pH 4.6) where the protein/precipitant v:v ratio

based solution. The distributions of effects with respect to the
protein/precipitant ratio predominately favored the 1:1 and 2:1
ratios for positive outcomes, with [@im]Cl being 4:4:0, [G-
mim][MDEGSO4] being 1:3:1, and [p1,4][DHP] being 6:7:1
for ratios of 1:1, 2:1, and 4:1, respectively.

Xylanase XLN was not soluble in either 0.2 or 0.4 M €
mim][MDEGSO4]. Quite different results were obtained be-
tween [Gmim]Cl and [p1,4][DHP]. The predominant crystal
form obtained for XLN was plates, and the improvement
typically observed was greater separation between the plates
and/or thicker plates, as shown in Figure 4. A total of 133
crystallization droplets were affected by the presence af [C
mim]Cl, 111 of them being improved, and the balance displaying
inferior results. For [p1,4][DHP], only 14 out of 36 affected
crystallization droplets were improved over the IL-free
control. The distributions about the dilution ratios also differed
between the two ILs, with [@nim]Cl having improvements in
38 (1:1), 46 (2:1), and 27 (4:1) droplets, and [p1,4][DHP]
showing improvements in 9, 4, and 1 for the corresponding
droplet ratios.

All XLN crystallization conditions affected by [£nim]ClI
were also affected by [pl,4][DHP]. There were no instances
where one IL gave improved results and the other negative
results. Also, the general conditions affected were somewhat
different than for the other proteins. Of the 62 precipitants where
an effect, positive or negative, was observed, 22 were strictly
salt-based conditions. Of these, only one was a negative effect,
and two were mixed negative and positive effects. For [p1,4]-
[DHP], of the 18 conditions where an effect was observed, 3
were salt-only conditions, of which 2 were negative and one
mixed.

Glucose Isomerasé&l was only soluble in one of the three

was 4:1. This shows a progressively better outcome with ILs, [Csmim]Cl. The IL was found to affect the outcome in
increased IL concentration. In other instances, the better 163 wells, 55 positively and the rest negatively. Of the
outcomes for the IL-containing conditions occurred with the negative outcomes (108 wells), 24 of them involved conditions
0.2 M IL conditions. where a salt was the precipitant. In all these cases, the
All conditions where a change in outcome resulted were IL-containing solutions remained clear, indicating that the [C
characterized by having either a small organic molecule (me- MiM]CI was solubilizing the protein in the presence of the
thylpentanediol, 1,6 hexanediol, dioxane, isopropanol) or poly- Precipitating salt.
mer (PEG, PEGMME, Jeffamine) as the dominant precipitating  Figure 5 shows the results for &I[C,mim]Cl at screen
species. No correlation was obvious between precipitating condition H9 (20% PEGMME-2000, 0.01 M Nig6H,0, 0.1
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Figure 2. CAN crystallization in the absence (panel A) of IL and in the presence of 0.2 M (panel B) or 0.4 M (panein@)CI. The protein/
precipitant ratio was 4:1, v:v. All panels are at the same scale, with the bar in @ane200 um.

Figure 3. BLB crystallization in the absence (panel A) of IL and in the presence of 0.2 M (panel B) or 0.4 M (panel@jMifMDEGSO4].
Screen solution G10 was used, and the protein/precipitant ratio was 4:1, v:v. The scalel@®@um.

Figure 4. XLN crystallization in the absence (panel A) of IL and in the presence of 0.2 M (panel B) or 0.4 M (panek@)N{[CI. Screen
condition A6 was used, and the protein/precipitant ratio was 4:1, v:v. The scate #@0 um.

M Tris-HCI, pH 8.5). The control is a granular precipitate, while and the frequency of occurrence (Table 1) led us to test whether
the 0.2 M IL solution shows crystalline disks. The corresponding this could be exploited to obtain crystallization conditions.
0.4 M IL solution was clear, indicating that the IL had Accordingly, we selected conditions from the data obtained for
solubilized the protein. The rough edges of the disks in Figure BLB and XLN where the control solution was a precipitate,
4 (panel B) suggest that the IL may be affecting particular not crystalline, and the corresponding outcome, under conditions
protein—protein interactions, as chaotropes are known to do, containing 0.2 M IL, was a clear solution. In all cases, the IL
leading to the rough edges observed. As with CAN and BLB, was [Cmim]CI.
the listed precipitant for all other conditions where the IL was  Sitting drop plates were set up with the IL at 25, 50, 75,
found to have an effect was either a small organic molecule or 100, 125, and 150 mM in the protein solution for the eight
PEG-based polymer. The distribution of the IL effects was more conditions investigated. Within 2 days the results shown in
even for [Gmim]CI with GI. Positive effects were found for  Figure 6 were obtained for BLB with screen condition E5 (5%
15, 25, and 17 wells at 1:1, 2:1, and 4:1 protein/precipitant ratios, isopropanol, 2.0 M (N&),SQy). Four other test conditions had
respectively. precipitated protein at all IL concentrations, and the remainder
Protein Solubility In a significant number of cases outcomes all had clear solutions, indicating that the IL was keeping the
were obtained where addition of the IL increased the protein’s protein soluble at even the lowest concentration employed
solubility. However, these are not necessarily negative outcomes,(0.025 M). It is interesting to note that this ability of particular
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Figure 5. Gl crystallization in the absence (panel A) of IL in the presence of 0.2 M (panel B) or 0.4 M (paneli@nj{l. Screen condition
H9c was used, and the protein/precipitant ratio was 4:1, v:v. The scate B0 um.

4

Figure 6. BLB sitting drop results, condition E5. The protein concentration is 20 mg/mL, and thefgCl concentration in the protein solution
is panel A, 0.025 M; panel B, 0.05 M; panel C, 0.075 M; panel D, 0.1 M. The scale=b#0 um.

ILs to solubilize proteins at very low concentrations has been  For the purposes of this work, additives are defined as those

previously reported for cellulase in solutions of,f@m]CI.34 added solutes that improve on a precipitated state, such as
amorphous or granular precipitate to crystal, needle crystals to
Discussion plates or 3D crystals, etc. In carrying out this function, the

additive presumably affects specific intermolecular interactions,

such that those formed are more defined and a more ordered or
higher dimensional solid state is attained. Precipitants are defined
as those species that are able to precipitate a soluble protein.
Presumably, these interactions are on a more global scale with
respect to the protein. These definitions are used to define how

The use of fluorescently labeled protein was important for
interpreting the results obtained. The ILs, particularlyf@n]-
[MDEGSO04] and [p1,4][DHP], were found to readily crystallize
out of solution, and it was often necessary to resort to
fluorescence observation to distinguish whether individual
crystals were protein or IL. Similarly, the ILs were also found oo
to form lower scoring features such as spherulites. By using the ILs affect the crystallization process.
trace fluorescent labeling, it was possible to more accurately The data do not indicate a single, clear mechanism for how
ascertain how the protein was responding to the presence ofthe ILs affect the crystallization process. In some instances, they
the screen conditions and added IL. clearly act as additives, as shown in Figures42 In others,
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where crystals were obtained with conditions that gave clear condition illustrated, E5 is not buffered, and a first choice for
solutions in the controls, the IL apparently acted as a precipitant. any subsequent optimization would be to explore the effects of
No attempts were made to further refine any of the crystalliza- pH on the crystals obtained. Of the remaining seven samples,
tion conditions with respect to the ILs or other components. four were precipitated at all IL concentrations tested, and three
The results shown in Figure 5, Gl crystallization in the presence remained clear. If the added IL is increasing the protein’s
[C4mim]Cl, suggest that the IL interacted with specific sites on solubility, then crystals could possibly be obtained in the clear
the protein affecting specific crystallographic contacts. Further outcomes by raising the protein concentration in the drop, further
evidence supporting specific #protein interaction has been reducing the IL concentration, increasing the precipitant con-
described in previous experimentation noting that the protein, centrations, or a combination of all three. Higher IL concentra-
cellulase, becomes denatured (unfolded) when contacted withtions may be needed to solubilize the protein in the precipitated
the IL [Cymim]Cl and its inability to refold into its native  samples.
structure upon reintroduction into an agueous solution. All protein—IL combinations produced at least one crystal
A kinetics argument for how the ILs may affect the crystal- at precipitant conditions unique from where crystals were
lization process would be through the vapor equilibration rate. obtained in the IL-free controls. However, the four proteins
Adding salts to the protein solution will slow down the vapor tested all had different responses to the three ILs. Two of the
transfer from the protein to the reservoir droplet. This mecha- proteins were insoluble in at least one IL, suggesting some utility
nism would enable a slower approach to the nucleation and for ILs as monoprecipitants for protein crystallization. Not
crystal growth regime resulting in crystals, whereas the IL-free surprisingly, the variety of response between just the four
solutions would rapidly transit the “crystallization sld#43 proteins used herein indicates that a given IL will not affect all
resulting in precipitated protein. The data in Figure 2 provide Pproteins in a similar manner and that a range of ILs would be
some support for this argument; the 4:1 drop ratio experiments, required for protein crystallization purposes. Preliminary experi-
those having a higher final concentration of IL at equilibrium, ments using the ILs directly (instead of NacCl) for the crystal-
consistently gave more crystals than the 1:1 and 2:1 drop ratiolization of lysozyme have been carried out (data not shown).
experiments. However, the 0.2 and 0.4 M IL data are compa- While crystals were obtained, the lysozyme concentration had
rable, whereas we might expect some improvement with higher to be increased due to the increased protein solubility.
IL concentrations based upon this mechanism. One approach One advantage to the use of ILs is the wide range of possible
to determining this would be comparative control experiments structures. The three ILs tested, 4fAM]CI, [Csmim]-
where the IL cation is replaced by an inorganic cation. Such a [MDEGSO4], and [p1,4][DHP], all have a butyl group in
series of experiments would also have to separate the IL anioncommon but differ in their anion and represent two different
and cation effects on the crystallization process as well. We parent cations. Variations of the parent cation, the cation side
chose to use diD as the control, as for our goals it gave the chain alkyl group(s), or of the anion structure, are possible, and
most direct answer for the effects of ILs on the crystallization previous work has shown that protein stability can be affected
process. by changes in the length of side chain groups on the cation,
Another potential mechanism for the ILs positively affecting and that a protein's thermal stability can be significantly
the crystallization outcome is through increasing the protein €nhanced with specific IL structures. ILs are not limited to a
solubility. Interestingly, BLB is known to bind hydrophobic ~few parent cations or anions and have been prepared from a
ligands# and an examination of the data in Table 1 shows that variety of molecules of biological interest, such as aspartéme,
it was the only protein to consistently have more positive than @mino acidsi®4” and choliné®4® Di- or multivalent ILs have
negative outcomes. IL binding would replace a hydrophobic @lso been preparéd;**>°which may be useful analogues to
site with a salt, reducing the likelihood that site would diacids for protein crystallizatio?.
subsequently participate in nonspecific interactions. If one views =~ Whether positively or negatively, the precipitant conditions
the formation of ordered crystals as a kinetic process, where most affected by the presence of the ILs tested were those that
the rate of amorphous precipitate formation is competing with contained small molecule organics or polymers such as PEG
that for ordered structure formation (crystallization), then raising or Jeffamine (polyoxyalkyleneamine). These results would
the solubility, or reducing nonspecific binding between hydro- suggest that these ILs may be best used as additives for
phobic sites, would effectively slow down the self-association crystallization conditions employing these types of precipitants,
process. This would result in the solute being better able to form i.e., as a precipitant class specific additive. If this is the case,
ordered structures before the kinetics of adding additional then it may be possible to design other ILs that are more suitable
molecules traps the assembly in a disordered state. Partiaffor use with salt-based precipitant conditions.
support for this would come from the relatively large numbers Many of the precipitant solutions that were affected by the
of negative outcome results where the IL-containing solutions presence of the IL also have salts present, although they are
were clear drops, particularly for CAN with [@im]CI, XLN typically at concentrations of 0.2 M or lower. In only a few
with [p1,4][DHP], and GI with [Gmim]CI. instances were IL effects found with solutions where a salt was
This mechanism was tested directly with the experiment the primary precipitant. In these cases, the IL was generally
shown in Figure 6. Here, the working hypothesis was that if found to have a negative effect in that it solubilized the protein
the screen conditions were sufficient to precipitate the protein, to the extent that no precipitation occurred. Although not
it might be possible to incrementally add IL such that the explored herein, this effect could potentially be exploited, where
resulting outcome was crystalline and not precipitate formation. the IL is used at much lower concentrations, potentially altering
That was clearly the case in the example shown. Only one of the precipitation to crystallization conditions. Alternatively, one
the eight samples had such a positive outcome. The crysta|scould use an IL specifically designed for the task of solubilizing
obtained are not particularly suitable for structure determination; Proteins. Such an approach would be particularly useful if the
however, beyond varying the IL concentration no other adjust- Precipitated phase was as a microgranular precipitate.
ments were made to the solution conditions, so there is It does not escape our attention that the potential range for
considerable room for further optimization. Note also that the variability of IL structure and properties may make this class
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of compounds particularly useful for working with membrane

proteins. Preliminary experiments for this application have been

Crystal Growth & Design, Vol. 7, No. 4, 2007793

(18) Bowron, D. T.; Hardacre, C.; Holbrey, J. D.; McMath, J. E. J.; Soper,

A. K. J. Chem. Phys2003 118 273-278.

carried out (data not presented) and suggest that even some “off (19) Cadena, C.; Zhao, Q.; Snurr, R. Q.; Maginn, El.Phys. Chem. B

the shelf” ILs may be applicable for the solubilization and
crystallization of this important class of protein. We used ILs

in this work as an aqueous salt solution and are exploiting their
properties as such. We speculate that ILs specific for the tasks

of solubilizing, stabilizing, and manipulating membrane proteins
may be possible.

In summary, this study was focused on the utility of ILs as
a class of molecules for the crystallization of soluble proteins.

The data indicate that they are. When employed, crystals were
often obtained under conditions that had previously not resulted
in crystallization. The results also suggest that in some instances

the ILs may have been acting as the primary precipitant, with

the standard screen components as the additive. Subsequent

studies to explore the effects of IL structure on protein
crystallization and their effects on diffraction resolution, as well
as how they interact with proteins, are now needed.
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