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Vapor diffusion, nucleation rates and the by the reservoir solution, resulting in a net transfer of water to the

ir t tallizati | ti reservoir until the two liquid bodies have equivalent vapor pressures.
reservolir to crystallization volume ratio This process results in a progressive increase in the precipitant and

solute concentrations in the crystallization drop, hopefully leading to
Elizabeth L. Forsythe,* Daniel L. Maxwell’ and Marc the desolubilization of the macromolecule in a crystalline form.
Puseyb* Fowlis et al (1988) modeled the vapor diffusion process and
determined that the rate limiting step was the diffusion of water
vapor from the crystallization droplet to the reservoir surface. They
recognized that gradients within the droplet and reservoir, generated
by water leaving and adding on respectively, could also affect the net
equilibration rates. However, they suggested that the droplet
convective flows would serve to mix the solution and minimize these
gradients. Sibilleet al. (1991) subsequently showed that convective
In a classical vapor diffusion crystallization, the protein solution ismixing had little effect on the net equilibration rate.
mixed in a 1:1 ratio with the reservoir solution, containing one or  The vapor diffusion equilibration rate is dependent upon a
more precipitant species, after which the two are placed in amumber of factors, the most important of these being the nature and
enclosed chamber. As the vapor pressure is lower for the reservaipncentration(s) of the solutes present (Milkolal, 1990), the
solution, due to its higher solute concentration, there is a net transfelistance from the droplet to the reservoir (Leftal, 1996), the
of water through the vapor phase from the protein droplet to thelroplet size (Mikolet al, 1990), and the experimental geometry, for
reservoir. In theory, the initial conditions in the droplet are such thaexample whether a sitting or hanging drop (Luft & DeTift895).
the protein is in either a metastable or undersaturated state wifhhe air pressure within the vapor space has also been shown to affect
respect to crystal nucleation. The loss of water serves to botthe equilibration rate (DeTitta & Luft, 1995). All of these, save
concentrate the protein and the precipitant concentrations within thpossibly the last, are experimentally optimized (solution
drop, bringing the protein past the metastable point to nucleationrcomposition) or controllable parameters. Diller & Hol (1999)
The equilibration rate is a function of the precipitant(s) used, theideveloped a numerical model for the vapor diffusion process, the
concentration, the temperature, the distance between the tweesults of which are in close agreement with the available
surfaces, and the droplet to reservoir volume ratio. For a giveexperimental data to that time. The model showed that there was an
reservoir volume smaller droplets equilibrate faster, the rate beingpproximately linear dependence of the equilibration time with the
inversely linear with the droplet volume. In attempts to maximizedroplet to reservoir distance and upon the initial droplet size.
the number of crystallization trials, and as crystals in the 100 — 200 Herein, we have returned to the vapor diffusion equilibration
um size range are sufficient, it has currently become standargrocess. Initially this was in an effort to understand the effects in
practice to use starting droplet volumes of 2 jl4with reservoir ~ comparison to the vapor diffusion process within current and
volumes typically in the 200 to 5¢0 range. The equilibration rates Proposed future microgravity flight hardware, such as a capillary
are maximized, and for most common salt concentrations and highé#be. Geometric constraints with this approach naturally lead to
concentrations of polyethylene glycol (PEG) and 2-methyl-2,4-rather low reservoir to droplet volume ratios. Subsequently, we
pentanedio| (MPD) one can reasonab|y estimate that equi]ibratiofpcused on the effects of the Crystallization drop to reservoir volume
has occurred within 3 to 6 days at room temperature. Crystal§tio in a standard sitting drop system, the results of which are
appearing after this time are essentially grown under batctieported herein.
conditions. We experimentally find that altering the reservoir to
droplet volume ratio, by changing the reservoir volume, from 50:1 .
(high ratio) to 5:1 (low ratio), on average increases the equilibratiort- Materials and methods
time by approximately 50 % when tested with solutions of 50% . i . .
MPD, 1.5 M NaCl, or 30 % PEG400. However, experiments withChicken egg white lysozyme was obtained from Sigma Chemical
two proteins, chicken egg white lysozyme and concanavalin aC9 (St Louis, MO) and repurified by cation exchange

showed an unexpected trend of slightly faster nucleation and |arg§hromatogre_1phy as previously described (Ewietgal, 1996).
crystals in the lowest ratio experiments. Concanavalin A was purified from Jack Bean (Agrawal & Goldstein,

1967) and demetallized (Olson & Liener, 1967) as previously
Keywords: vapor diffusion; nucleation kinetics; lysozyme; described (Cacioppo & Pusey, 1992). Ammonium SLflfate (AmS), 2-
concanavalin a; equilibration rate methyl-2,4- pentanediol (MPD), polyethylene glycol's (PEG) 400,

1000, and 8000, and sodium chloride were all obtained from Sigma

Chemical Co. (St. Louis, MO) as reagent grade or better. 4-
1. Introduction nitroaniline (pna), a non-reactive chromophore, was obtained from

Aldrich Chemical Co. and recrystallized from ethanol prior to use.
Vapor diffusion is the most commonly employed method for Stock precipitant solutions, without added buffer or azide, were
growing crystals of macromolecules for X-ray structure made up in bulk for each precipitant concentration. Equilibration
determination (Hampett al, 1968; McPherson, 1982; Ducruix & rate determinations were set up by premixing equal volumes of the
Giegé, 1992). The basic experimental procedure is to mix equaitock precipitant solution and pna (3.6 mM), then dispensing the
volume aliquots of the macromolecule solution with a reservoirPrecipitant alone into the wells and the mixed solution into the
solution that is at the condition (pH, precipitant, etc.) of interestsitting drop pedestal. The measurements were made in Cryschem
The mixed solution is then either placed on a pedestal or suspend@d-well sitting drop plates, with 12 duplicate wells for each unique
from a coverslip or other surface in an enclosed volume with thédrecipitant concentration. In all cases the initial drop size was. 20
reservoir of precipitant solution. The reservoir solution, having aThe plates were sealed with clear tape and stored in an incubator
higher solute concentration, has a lower vapor pressure than thgaintained at 26C. At periodic intervals, assay of the equilibration
macromolecule solution droplet. Because of this, water vaporate was performed by opening one well and carefully pipetting
leaving the crystallization droplet will be preferentially readsorbedaliquots of the pedestal solution into 5d0f distilled water.
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Table 1 Estimated equilibration times for several commonly employed precipitants°@ 2Uhese times are estimated from linear fits to the initial
equilibration rate data.

Days to 90% of litial Days to 90% of litial
Precipitant Concentration Reservoir Concentration Precipitant Concentration Reservoir Concentration

MPD 80% (V:v) 0.9 PEG 8000 25% (W:v) 12

70% (v:v) 2.0 20% (w:v) 18

60% (V:v) 2.1 15% (w:v) 52

50% (v:v) 2.4 10% (w:v) 167

40% (V:v) 2.6 PEG 1000 40% (W:v) 2.2

30% (v:v) 3.1 30% (w:v) 3.9

20% (v:v) 5.9 20% (w:v) 12

NaCl 2.0M 25 10%(w:v) 80

1.5M 3.8 PEG 400 40% (v:v) 1.2

1.0M 6.2 30%V:v) 2.7

0.5M 16 20%V:v) 7.7

AmS 1.5M 41 10%v:v) 33
1.0M 5.7
0.5M 15

Typically, three aliquots were made from each pedestal solutiohysozyme sitting drop crystallizations were set up with 0.1 M
assayed. The dye concentration was measured by absorbance at 38Hium acetate, 4% or 5% NaCl (w:v), pH 4.6, using protein
nm after correcting for dilution. Increasing intensity of the dye concentrations of 50 and 40 mg/ml. Demetallized concanavalin A
absorbance corresponded to shrinkage of the drop due to
equilibration with the reservoir. 100
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. The effect of varying the reservoir to droplet volume ratio by holding the
Figure 1 droplet volume constant and changing the reservoir volume on the

Equilibration data for monocomponent solutions of several macromoleculeequilibration rates of monocomponent precipitant solutions.  Legend:
precipitants. Linear fits for each set are determined from the initial data angolume ratios, reservoir to droplet, for all panels50:1 ratio;s, 25:1 ratio;

not the entire set. Panel A, 20% PEG 4009, 20% PEG 1000¢, 20% 0, 5:1 ratio. Panel A, 50 % MPD in reservoir, Panel B, 1.5M NaCl in

PEG 8000. Panel Bz, 40% MPD;¢, 20% MPD. Panel Co, 1.5 M reservoir; Panel C, 30 % PEG400 in reservoir. All experiments were at 20
ammonium sulfatef, 1.0 M ammonium sulfate. °C. Linear fits are only drawn for the 50:1 and 5:1 ratio data for all panels.
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Table 2 Summary of lysozyme hanging drop experiments with variable reservoir:drop volume ratio’s. Drops were made from a 1:1 mixture of protein and
reservoir solutions. Concentrations are of the stock protein and precipitant solutions.

Reservoir:Drop Volume Ratio

Conditions 100:1 50:1 20:1 5:1
50 mg/ml lysozyme
5% NaCl
Time to 1'st crystals 22 hr. 22 hr. 22 hr. 22 hr.
Number of crystals 234 24 23 27
Average size 400 x 255um 390 x 25Qum 345 x 235um 360 x 245um
50 mg/ml lysozyme
4% NaCl
Time to 1'st crystals 74 hr. 74 hr. 74 hr. 50 hr.
Number of crystals 18® 16Y 18® 21®
Average size 420 x 26Qum 440 x 27Qum 420 x 24Qum 415 x 265um
40 mg/ml ysozyme
4% NaCl
Timeto 1'stcrystals e approx. 96 hr., no difference ----------
Number of crystals 1@ 53 9@ 119
Average size 920 x 560um 790 x 63QUm 685 x 485um 1050 x 88Qum

(1) Average number of crystals/drop.
(2) Total number of crystals in 12 drops

crystallizations were set up at 1.4 M AmS, 0.05 M tris-acetate, pHLOO pl. Reservoir volumes of 10Ql or less did not cover the
7.0, 1 mM MnC}, 1 mM CaC}, 0.02% sodium azide (w:v), using bottom of the Cryschem plates, resulting in variable surface areas for
protein concentrations of 25 and 18 mg/ml. Also, using the sameéhe reservoir. The data are shown in Figure 2, and in all cases the
buffer make-up, 0.8 M and 1.0 M AmS trays were set up for 18.7equilibration rate was slower the lower the reservoir:droplet volume
mg/ml protein. Three Cryschem 24-well plates were used with eachatio. Note that the equilibration rates at reservoir:volume ratio.
set of conditions, except for the last two conditions with 0.8 and 1.0Note that the equilibration rates at best are only approximately
M AmS, where only one plate was set up for each. The plates wergouble for an order of magnitude change in the volume ratio. From
stored at 20C and sealed with clear tape. The drop size wgd,10 the model of Diller & Hol (1999), a 10 fold increase in droplet
using the standard technique of mixinguSof protein with 5ul of volume results in an approximately 5 fold increase in the
precipitant solution from the reservoir. The first two trays wereequilibration time. B decreasing the reservoir volume we effectively
divided into 2 halves and each half consisted of 12 identicaimove it further from the droplet, which again would increase the
conditions for averaging. Rows A and B of the first tray consisted ofquilibration time. Thus, while the observed prolonging of the
a 100:1 ratio of reservoir volume to drop volume with rows C and Dequilibration time is expected, that it only at most is doubled was an
consisting of a 50:1 ratio. The second tray followed with the top twaunexpected result.
rows containing 20:1 and the bottom two with a 5:1 ratio. The third  Additional experiments were set up to evaluate the equilibration
tray was set up with all 4 ratios in 6 duplicate wells. The first tworesults using two proteins, lysozyme and concanavalin a. Each
trays were used to evaluate crystal number and size for each ratéxperiment had two components, one to follow the initial appearance
after 10 days, while the third tray was evaluated twice a day for thef nuclei and a second for measuring the numbers and sizes of
appearance of crystal nuclei by visually inspecting the drops with &rystals obtained. In the first, 6 wells each of reservoir to droplet
microscope. volumes of 100:1, 50:1, 20:1, and 5:1 were set up, the starting drop
volumes being 2j@. In the second, 12 duplicate wells of each
reservoir to droplet volume ratio were set up, 2 conditions per plate.
The first plates were examined at periodic intervals with the goal of
determining the time when half of the wells at any one condition had
Equilibration rate studies were carried out using solutions given inisible crystals under microscopic examination. The second set of
Table 1. At least three separate rate studies were made for eaplates were not disturbed for a fixed period, then removed, and the
solution.  Typical equilibration rate curves for representativenumbers and sizes of the crystals obtained were counted and
concentrations of AmS, 20% PEGs (PEG400 v.v, PEG 1000 angéheasured respectively.
8000 w:v), and MPD (v:v), are shown in Figure 1. A linear  Table 2 summarizes the results from the lysozyme experiments.
extrapolation of the initial rates was made to 90% equilibration forat high protein and precipitant concentrations (50 mg/ml protein, 5
each precipitant and these calculated data are given in Table 1. The NaCl) nucleation was too rapid in all cases. As the protein and
linear extrapolations are based upon the first half of the data, or untgrecipitant concentrations were reduced a trend emerged of more
addition of subsequent data points resulted in a reduced correlatigapid nucleation at the lower volume ratios, counter to what would
coefficient. We also tried fitting the data with polynomials to betterbe expected from the monocomponent equilibration rate
follow all the curvature of the data. However, in many instances (fofexperiments. At 50 mg/ml protein and 4 % NaCl this is observed by
example, see Figure 1, panel B, 20% MPD) the data fell off, an@rystals consistently first appearing in the 5:1 ratio wells (three
either did not reach or could not be extrapolated to 90%separate experiments). At 40 mg/ml protein and 4 % NaCl
equilibration. The use of linear fits kept our analysis methods in lingorogressively more crystals appear as the volume ratios are lowered,
with those used previously, and the data obtained gave comparabigdicative of more rapid nucleation.
results (Mikolet al, 1990; Luft & DeTitta, 1995). The concanavalin a trays were more difficult to quantitate. The first
Experiments to determine the effects of varying the reservoir t@onditions were using 1.4 M AmS and 25 mg/ml protein. The same
droplet volume ratios were made with 30 % PEG400 (v.v), 1.5 Mprotocol as above was used with the 3 plates. After 15 hours,
NaCl, and 50 % MPD (viv). These were set up at reservoir tamimond-shaped crystals had appeared in all ratios. After 9 days, the
droplet volume ratios of 50:1, 25:1, and 5:1, keeping the dropleplates were removed from the incubator and examined for crystal
volumes at 2Qul and varying the reservoir volumes from 1000 to number and size. Crystal showers were present in all wells and were

3. Results
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100 T 1T T T X T when the solution has passed the metastable boundary, and
] 1 continued driving of the solution conditions beyond this point will
Cé 95 ] E only increase the nucleation events and/or drive crystal growth at a
%g i 1:9 N higher rate. This condition may occur with nucleation in the early
g§ ] ] stages of the vapor equilibration process. Here nucleation is a
§ § 90 14 ] “bulk” process, one that could as easily be obtained in the absence of
8= N ' ] any vapor phase equilibration. The crystals that appear must
5 S 7 ] maintain equilibrium with the changing bulk crystallization solution,
g § 85 ] with failure to do so subjecting them to osmotic stress that may
’:; gn 7 ] affect their overall diffraction quality. Nucleation events past the
%g 80 ] = point where vapor phase equilibration has occurred are also
g0 . 1 essentially a bulk process, although in these cases in the absence of
gx\g . . f[he agitatio_r_1 from the initial_ mixing and from a solution that is stable
E‘;& 75 P in composition. The question of osmotic stress effects has not been

experimentally addressed to date. We propose that vapor diffusion
experiments where protein concentrations are progressively changed
to adjust the nucleation time, or bulk and vapor diffusion
grystallization experiments having the same starting solution
conditions, can be used together with crystal quality measurements
(Bellamyet al., 2000; Boggoret al, 2000) to address this issue.

too small to count or measure. There were large and medium single Previous investigations had shown that decreasing the droplet
crystals mixed throughout the crystal showers but no obviougize proportionately decreased the equilibration time, potentially
differences. The procedure was repeated with a solution of 1gnabling much more rapid screening for crystallization conditions
mg/ml con a in order to slow down the nucleation rate. After 19(Diller & Hol, 1999; Stevens, 2000). Conversely, we were interested
hours, again all ratios had crystal showers. The same results wel the effects of decreasing the reservoir to droplet volume ratio by
obtained for the longer duration plates after 11 days. Thesééecreasing the reservoir volume, not increasing the droplet size.
conditions were repeated a third time with protein at 17.8 mg/ml anddased upon previous data one would expect this to result in longer
the same results were produced. At this point, two plates were set @giuilibration rates (Mikol et al 1990; Diller & Hol, 1999), and

to monitor the nucleation rate while reducing the AmS these results are in qualitative agreement. However, whereas Diller
concentration. Crystal showers appeared in all wells after 16 hour& Hol (1999) show an estimated five fold increase in equilibration
for the 0.8 M and 1.0 M conditions for all ratios. time for a ten fold decrease in reservoir:drop volume ratio, our data,
with considerably smaller solution volumes, shows a less than two
fold increase for a commensurate volume ratio change.

A major difference between these and previous experiments is
the amount of water vapor to be transported. In previous studies the
Previous researchers studied the effects of varying the crystallizatiqglromet volume was a variable, and decreasing volume ratios meant
droplet size while keeping the reservoir solution volume constant. lbrogressively more water had to be transported for equilibration
was experimentally and theoretically shown that equilibration rategmikol et al, 1990; Diller & Hol, 1999). At a fixed evaporation rate
decrease approximately linearly with a decrease in the drop volumghis means longer equilibration times. In this work the amount of
(Mikol et al, 1990; Diller & Hol, 1999). A qualitative survey of water to be transported for equilibration is constant. Thus changes in
recent crystallization reports shows that most initial crystallizationequi”bration times more strongly reflect changes in reservoir to drop
droplet volumes are in the 2 —#range, being composed of 50 % distance, in the reservoir surface area, and due to the generally
each of macromolecule and reservoir solutions. However, thgmaller volumes employed experimental “noise” effects such as
reservoir volumes are typically 250 to 500 giving reservoir to  vapor loss.
droplet volume ratio’s ranging from about 60 to 250 to 1. Luft & While monocomponent solutions did show increased
DeTitta (1997) showed that the rate of equilibration significantly equilibration times, experiments with protein crystallization
affects the apparent crystal quality. Small droplets with large welkolutions did not. Why lower volume ratios should result in more
volumes dramatically decreases the time for vapor equilibratiorrapid, or essentially unchanged, protein nucleation rates is not clear
(Diller & Hol, 1999), and it may be counter productive to use suchat this time and counter to observations based upon monocomponent
large volume ratios. However, a converse claim is made that use @blutions. When any trends were indicated by the data, they
nl size drops offer a significant reduction in the crystallization timeconsistently indicated more rapid equilibration in the lowest volume
for some proteins, due to more rapid equilibration (Stevens, 2000yatio wells, either by time of appearance of the first crystal or by
which is useful for initial screening experiments. numbers of crystals formed. The possibility that the increased rates

One can readily calculate the final equilibrium concentration of aare due to proportionately greater water loss due to the low volume
droplet, relative to the starting reservoir concentration, for a givematios is countered by the slower measured equilibration rates, as
volume ratio. This is done in Figure 3 for ratios from 1:1 to 100:1.expected based upon theory and previous results (Mikail, 1990;

A ratio of 4:1 results in a droplet that goes to 90% of the startingDiller & Hol, 1999) for monocomponent systems. At the lowest
reservoir concentration, while 9:1 is required to obtain 95% of thevolume ratios the reservoir surface area is also reduced, which would
starting reservoir concentration. Thus the bulk of the reservoibe expected to increase the equilibration time. This may be the
solution volume is present to obtain the last 5 % of the equilibratiorprimary reason for the prolonged times in the monocomponent
process, and one can reasonably ask if this is critical or necessary. solution experiments. At this time no satisfactory explanations for

The vapor diffusion process is supposed to gradually bring thehese results are available.
macromolecule solution into a supersaturated state, from whence A clear outcome is that the current practice of using large
crystals nucleate and grow. Ideally nucleation events should occuwolume ratios is not necessary. In combination with the smaller
in the latter stages of the equilibration process. Nucleation occurdroplets now routinely used this means that higher crystallization

0 20 40 60 80 100
droplet to reservoir volume ratio, 1 to -

Figure 3
Calculated final droplet equilibration concentrations as a percentage of th
starting reservoir concentration for varying reservoir:droplet volume ratios.

4. Discussion
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plate densities can be achieved with a concomitant savings i@acioppo, E. & Pusey, M. L. (1992).Cryst. Growth122, 208-212.
materials usage. Several crystallization plate designs having 9geTitta, G. T. & Luft, J. R.1995).Acta Cryst DS1, 786-791.
crystallization wells are now commercially available, generally DeTitta, G.T. & Luft, J. R-1997).Methods Enzymok76, 110-131.

: . - Diller, D. J. & Hol, W. G. J. (1999Acta Cryst D55, 656-663.
having well volumes in the 250 range. With a 2 or 4l droplet Ducruix, A. & Giegé, R. (1992). Editor€rystallization of Nucleic Acids

volume reservoirs having a volume capacity of only 10 tqil4dre and Proteins — A Practical ApproacNew York: Oxford Univ. Press.
more than sufficient. Ewing, F. L., Forsythe, E. L., van der Woerd, M. & Pusey, M. L. (1996).
. Cryst. Growth 160, 389-397.
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