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Abstract

High throughput screening technologies such as acoustic droplet ejection (ADE) greatly increase the rate at which X-ray
diffraction data can be acquired from crystals. One promising high throughput screening application of ADE is to rapidly
combine protein crystals with fragment libraries. In this approach, each fragment soaks into a protein crystal either directly
on data collection media or on a moving conveyor belt which then delivers the crystals to the X-ray beam. By
simultaneously handling multiple crystals combined with fragment specimens, these techniques relax the automounter
duty-cycle bottleneck that currently prevents optimal exploitation of third generation synchrotrons. Two factors limit the
speed and scope of projects that are suitable for fragment screening using techniques such as ADE. Firstly, in applications
where the high throughput screening apparatus is located inside the X-ray station (such as the conveyor belt system
described above), the speed of data acquisition is limited by the time required for each fragment to soak into its protein
crystal. Secondly, in applications where crystals are combined with fragments directly on data acquisition media (including
both of the ADE methods described above), the maximum time that fragments have to soak into crystals is limited by
evaporative dehydration of the protein crystals during the fragment soak. Here we demonstrate that both of these
problems can be minimized by using small crystals, because the soak time required for a fragment hit to attain high
occupancy depends approximately linearly on crystal size.
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Introduction

Acoustic droplet ejection (ADE) [1] is an automated and

keyboard-driven technology for growing protein crystals [2],

improving the quality of protein crystals [3] and transferring

protein crystals onto data collection media such as MiTeGen

micro-meshes [4]. This method can also be used to discreetly

position multiple two component systems onto one data collection

micromesh or onto a moving conveyor belt that delivers each

crystal into the X-ray beam [5]. Using this approach, a large

fragment library can be rapidly screened for binding to protein

crystals in a compact experiment. For example, by positioning 10

fragment containing crystals onto each micromesh, one conven-

tional shipping Dewar would accommodate 1120 individual
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screening experiments [6]. Even greater specimen throughput is

possible by separately transferring crystals and then fragments

(which are contained in a large capacity source tray, such as a

1536 well plate) directly onto a moving conveyor belt system. The

conveyor belt is mounted on a conventional goniometer for data

collection, and it coordinates with a gated cryo stream system that

flash freezes each specimen after the fragment has soaked into the

crystal; consequently the maximum fragment screening speed is

limited by the soaking time. Additionally, extended soak times may

damage crystals by exposing them to the dehydrating effects of

room air (unless the humidity is controlled, which is difficult to do

for some high throughput methods).

Estimating the time required to soak each fragment into its

crystal directly on the data collection media is a critical step in fast

compact fragment library screening [7]. Previous research has

identified important ligands that require extended soak times to

reach a crystallographically observable occupancy [8]. For some of

these proteins, it may not be possible to soak fragments directly on

a micromesh and/or a moving conveyor belt (unless a method is

devised to keep the crystals hydrated during the soak). Such cases

can still be handled with acoustic high throughput screening

methods, but the process will be slower and more laborious [9]. In

other cases, theoretical calculations suggest that reducing crystal

size may speed ligand binding [10]. Here, we use crystallographic

methods to demonstrate that reducing the crystal size speeds

fragment binding, thus enabling fast compact high throughput

fragment screening (including using acoustic methods) in cases

where the fragment soak times are otherwise prohibitively long.

Methods

Undergraduate and high school research education programs in

the Long Island area were selected as the primary personnel

resource for carrying out this research. Interns learned to grow

protein crystals, to measure crystal size, to soak crystals with

ligands for a specified time, and to obtain diffraction data from the

soaked crystals. Due to the number of specimens, a large research

team was needed for specimen preparation, data collection, and

data analysis. Interns generally worked in independent teams of

two. Each team was ‘‘project aware and task competent,’’ meaning

that they were aware of the overall goals of the entire group, but

proficient in a specific set of tasks. A high value was placed on

reproducibility, including control of pH and exact chemical

composition of the mother liquor. We used monomeric N-acetyl

glucosamine (NAG) binding to lysozyme and asparagine (ASN)

binding to thermolysin as model systems. These systems were

chosen due to their safety, relative ease of crystallization and long

binding times. To prevent observer bias, all data analysis was

performed in batch mode by a single command file that

automatically processed through all 457 data sets in a systematic

way.

2.1 Protein crystallization, X-ray diffraction data, and
processing

X-ray diffraction data were obtained at NSLS beamlines X12C,

X25, and X29 on lysozyme crystals soaked with 50 mM NAG and

thermolysin crystals soaked with 100 mM ASN (crystallization

conditions are displayed in Table 1). The soaking time was defined

as the total time between when the crystals were combined with

the ligand and when the crystals entered the liquid nitrogen

(usually one intern prepared each specimen while the other intern

measured the time). A full data set was collected from each crystal

using ,270 rotations of 1u. All data were obtained at 100 K and

the X-ray exposure time was kept as low as possible to avoid

radiation damage. The X-ray beam size was adjusted to match the

crystal size. For moderate sized crystals (less than 120 mm) the X-

ray beam size was adjusted by moving the slits. For larger crystals,

the X-ray beam was defocused to make it larger. Data were

processed with HKL2000 [11]. Data processing parameters are

summarized in Table 2.

Because the project was carried out by many researchers over

two years, a systematic approach to measuring crystal size was

necessary. Crystal size was defined as the largest distance between

parallel crystal faces (measured using the CellSans software on a

Leica MZ16 microscope fitted with an Olympus DP72 camera).

Chemicals would likely diffuse into the crystal most quickly along

the smallest crystal dimension, but many of the crystals were too

small for the smallest side to be visible. Crystals tended to settle

under gravity so that they rested on their largest side, occluding the

smallest side. Additionally, the smallest dimension is often poorly

defined (for example, the width of the thermolysin crystals changes

along its length because the crystal width is tapered along the long

axis). In contrast, the largest side was usually well defined and was

easier to measure accurately. The shape of lysozyme and

thermolysin crystals was largely independent of size, so that the

observations made using the (measured) long side are accurate for

the (unmeasured) short side also. We reduced the ambiguity

caused by variations in lysozyme crystal habit by selecting

crystallization conditions that yielded uniform crystals with a

cubic habit. Thermolysin crystals have a columnar habit and each

crystal was measured along its long axis (Figure 1).

Lysozyme. Lysozyme from chicken egg white (Sigma-Aldrich

L4919) was used to grow crystals at 22uC using hanging drop,

micro-seeding, and micro-batch as needed to yield each desired

crystal size (Table 1). This was fine-tuned by perturbing drop size,

concentration of salt (4%–10% w/v) as well as the concentration of

protein (20–100 mg/ml). The pH was maintained at 4.6 and

buffered with sodium acetate (20–100 mM). Protein powder was

dissolved in the buffer and then filtered through a 0.22 mm syringe

filter and centrifuged at 1216 g for 10 minutes. Equal volumes of

the protein and precipitant solutions were used in all hanging drop

preparations. Microcrystals (under 30 mm) were obtained by using

Table 1. Crystallization conditions.

Lysozyme Thermolysin

Protein 20–100 mg/ml 350 mg/ml

Buffer 20–100 mM NaAc pH 4.6 45% DMSO, 50 mM Tris pH 7.2–7.5, 1.4 M CaCl2

Reservoir solution 4%–8% NaCl, 10% Ethylene glycol Water

Cryo-protectant None 20% Ethylene glycol, 9% DMSO, 50 mM Tris pH 7.2–7.5, 0.28 M CaCl2

Ligand Concentration 50 mM 100 mM

doi:10.1371/journal.pone.0101036.t001
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the batch method, gently agitated overnight in an orbital rocking

platform. Micro seeding 0.1–1 ml of batch crystal solution into a

4 ml hanging drop (cover slip rinsed in 20% ethanol + water rinse)

yielded 30–90 mm crystals. Larger crystals were grown by

unseeded hanging drops. In total, 354 X-ray diffraction data sets

were obtained from lysozyme crystals of various sizes treated with

NAG for different amounts of time.

Lysozyme crystals were measured using the CellSans software,

then picked up using a cryo-loop (Hampton HR4-955) and

transferred onto a cover-slip containing a 1 mL drop of NAG-

containing mother liquor (50 mM NAG) where they soaked for 0–

900 seconds. The crystals were then picked up in the cryo-loop

again and were flash cooled in liquid nitrogen. Glycerol is an

effective cryo-protectant for lysozyme, but it was not used in order

to prevent conflation of the data by competitive exclusion or

concentration driving. Lysozyme contains six binding sites

designated A–F [12]. NAG preferentially binds to site C, and

glycerol binds to site D [13], but it is possible that a high

concentration of glycerol may disrupt the ability of NAG to bind.

To avoid the possibility of competitive exclusion, no cryo-

protectant was used. Ice ring problems were controlled with

careful mother liquor minimization (the crystallization solution is

moderately cryo-protective). Minimization methods included

carefully matching cryo-loops to crystal size and the natural

improvement in technique that comes from practice.

Thermolysin. Thermolysin crystals were grown at 22uC
using the hanging drop method, which produced crystals in the

200 mm range (Table 1). The micro-batch technique was used to

reduce crystal size to as small as 50 mm. The protein solution

consisted of 45% by volume DMSO, 50 mM Tris, 1.4 M CaCl2
and 350 mg/ml thermolysin. The pH of both the thermolysin and

ASN solutions was kept within 7.2–7.5 by the Tris-buffered

addition of HCl. For the standard crystallizing procedure, a 1 ml

drop of protein solution was pipetted onto a glass slide and

Table 2. Crystallization, data collection, and model refinement statistics.

Lysozyme Thermolysin

Ligand name N-acetyl glucosamine Asparagine

Omax 0.903 0.930

Kd
cryst 5.4 mM 7.5 mM

t (s/mm) 0.794 0.284

Mean |Ocalc2Orefine| 0.0976 0.0651

R2 fit for Ocalc to Orefine 77% 87%

Crystal information

Ligand concentration 50 mM 100 mM

Number of crystals 354 103

Space group P43212 P6122

Solvent content 38% 47%

Unit-cell parameters (Å)

a = b 78.360.5 93.060.2

c 37.460.2 129.860.5

Data collection and refinement parameters

Resolution (Å) 1.760.3 1.760.1

Resolution I/sI = 5(Å) 2.360.5 2.160.3

Unique reflections 15212 35994

Rsym(%) 11.2%64.6% 13.8%64.3%

Completeness (%) 96.9%65.1% 96.8%66.4%

Rwork (%) 18.2%63.2% 14.8%61.6%

Rfree (%) 22.9%64.2% 19.6%62.2%

R.m.s deviations from ideal

Bond lengths (Å) 0.01660.011 0.01460.005

Bond angles (6) 1.7760.76 1.5760.28

No. of water molecules 172635 521654

Average B factor (Å2)

Protein atoms 18.665.9 16.665.4

Water molecules 31.064.5 33.864.4

X-ray diffraction data sets were obtained from 354 lysozyme crystals soaked with N-acetyl glucosamine and from 103 thermolysin crystals soaked with asparagine. Each
X-ray data set was used to estimate the refined occupancy of the ligand (Orefine) and a least squares procedure was used to fit Eq. 1 to these occupancies. The two fitted
parameters were the occupancy at infinite time (Omax, from which an intra-crystalline dissociation constant Kd

cryst can be calculated using Eq. 2) and a fitting parameter
related to diffusion speed (t). For each measured value ‘‘x’’, both the mean ‘‘x̄’’ and the population standard deviation ‘‘s(x)’’ are listed as x̄ 6 s(x). The population
standard deviation was calculated using the formula s(x) = (S (x2x̄) 2/n) K, where ‘‘n’’ is the number of measurements (always equal to 354 for lysozyme data and 103
for thermolysin data).
doi:10.1371/journal.pone.0101036.t002
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suspended over a reservoir of H2O. To produce smaller crystals,

up to 3 ml of H2O were added to the original drop prior to sealing

the slide onto the reservoir well. A total of 103 X-ray diffraction

data sets were obtained from crystals ranging from 50–280 mm in

length and 0–10 minutes in soaking time.

Thermolysin crystals were transferred into a ligand solution

consisting of 100 mM ASN, 9% by volume DMSO, 50 mM Tris,

0.28 M CaCl2 and 20% by volume ethylene glycol (cryo-

protectant). Crystals were then mounted onto loops or micro-

meshes for data collection (micro-meshes were preferable for

smaller crystals). Micromesh mounted crystals had mother liquor

minimized by gently dabbing each mesh against a cloth soaked in

ASN-containing mother liquor; this removed excess mother liquor

while maintaining a moist environment for the crystals.

2.2 Occupancy calculation
The starting model for occupancy refinement was generated

from water-stripped [1LYZ] [14] and [4M65] [6], refined by

REFMAC, and hydrated with ARP/wARP solvent [15]. The

starting model contained NAG with occupancy = 0.50 and

B = 28 Å2 or ASN with occupancy = 0.50 and B = 34 Å2 (the

target 28/34 Å2 temperature factors were averaged from models

refined against data where full occupancy was achieved by

overnight soak in 200 mM ligand). Unrecorded reflections were

copied from the starting model with the NAG removed (electron

counting methods based on the molecular envelope are sensitive to

missing reflections) [16]. For each X-ray diffraction data set, the

1LYZ structure was stripped of waters, refined with REFMAC,

hydrated with ARP/wARP solvent, and the NAG was removed.

The CCP4 suite program SFALL was used to generate calculated

structure factors and these were substituted for any missing

reflections in the data (up to the 1.6Å/1.9Å diffraction limit used

for all lysozyme/thermolysin crystals). On average, the reflections

that were added in this way corresponded to 3.1% of all lysozyme

crystal reflections and 3.2% of all thermolysin crystal reflections.

For each of the 354 lysozyme + NAG data sets, and each of the

103 thermolysin + ASN data sets, a common procedure was used

to calculate the occupancy of the ligand using the X-ray diffraction

data in three different ways.

Three refined models with occupancy estimate. An

atomic model with a refined occupancy for the N-acetyl

glucosamine soaked into lysozyme crystals and for the asparagine

soaked into thermolysin crystals was generated using PHENIX [17]

and REFMAC [18]. For each data set, three methods were used to

generate an atomic model with a refined ligand occupancy using

the X-ray diffraction data. The first refined model was generated

using PHENIX to simultaneously refine both the occupancy and

the temperature factor of each ligand using all of the recorded X-

ray diffraction data. A second refined model was generated using

Figure 1. Lysozyme crystals have a cubic habit and thermolysin
crystals have an elongated habit. Lysozyme forms cubic crystals
which were measured along the longest sides as shown (panel A). One
large and one medium sized lysozyme crystal are shown. Thermolysin
crystals have an elongated habit and were measured along the long
axis (panel B). One large and one small crystal are shown. Occasionally a
small piece of a crystal broke off (yellow highlight). In these cases, the
longest crystal fragment was measured (without adjusting the length to
account for the missing piece). The soaking time should correlate with
the shortest crystal dimension, but the short side is difficult to measure
accurately. Fortuitously, it was possible to grow lysozyme and
thermolysin crystals with a very consistent crystal habit. The long
crystal axis (which was easy to measure) was a good proxy way to
compare the short crystal axis (which was difficult to measure).
doi:10.1371/journal.pone.0101036.g001

Figure 2. Electron density for NAG bound to lysozyme and for
ASN bound to thermolysin. Panel A: N-acetyl glucosamine is shown
bound to lysozyme (difference omit map is contoured at 3.0 s). The
lysozyme data comes from a 310 mm crystal that was soaked for
750 seconds, with a refined occupancy of 74% and occupancy
calculated using Eq. 1 of 68%. Panel B: Asparagine is shown bound to
thermolysin (difference omit map is countered at 3.0 s). The
thermolysin data comes from a 220 mm crystal that was soaked for
601 seconds, with a refined occupancy of 99% and occupancy
calculated using Eq. 1 of 84%.
doi:10.1371/journal.pone.0101036.g002
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Figure 3. Refined occupancies (y axes, %) as a function of soak time (x axes, seconds). Two dimensional slices are shown for the three
dimensional relationship between crystal size, ligand soak time, and occupancy (Ocalc and Orefine). In each panel, the crystal size variable is excluded
by grouping crystals of similar sizes. Lysozyme + NAG crystals are grouped by size (0–60 mm in box A, 60–120 mm in box B, 120–180 mm in box C,
180–240 mm in box D, 240–360 mm in box E, 360–480 mm in box F). Thermolysin + asparagine crystals are grouped into two sizes (0–150 mm in box
a, and 150–300 mm in box b). Each data point represents the observed soak time and occupancy of one crystal + ligand. The average size for crystals
in each range is indicated. The average number of calculated structure factors that were added into the data (added HKL) is also shown (larger
crystals had more overloads and consequently more added reflections). Inspection of the relationship between soak time and refined occupancy
revealed a linear relationship between crystal length and the time needed to reach 50% maximum occupancy (t1/2), so that t1/2 = Lt, where L is the
crystal length and t is a fixed constant. Best fits for lysozyme (R2 = 78%) and thermolysin (R2 = 88%) were calculated using least squares applied to Eq.
1. In each panel, a solid line shows Eq. 1 with the average size of crystals in that panel assigned to L (fitting parameters taken from Table 2). Note that
the data in each panel come from crystals with similar but not identical sizes. Consequently, the data fit Eq. 1 much better than these graphs suggest.
The average residual between calculated occupancies from Eq. 1 and refined occupancies from the X-ray diffraction data was 9.76% for lysozyme +
NAG and 6.51% for thermolysin + ASN.
doi:10.1371/journal.pone.0101036.g003
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PHENIX to refine the occupancy of each ligand with the ligand

atoms having a fixed atomic temperature factor (Bfixed = 28 Å2 for

NAG atoms; Bfixed = 34 Å2 for ASN atoms). To decouple the

occupancy of each atom from its temperature factor, each data set

was modified so that all of the data sets had a common resolution

limit (the resolution limit was 1.6 Å for lysozyme data and 1.9 Å

for thermolysin data; data sets were truncated after applying a

reciprocal space temperature factor such that the last shell I/sI

was reduced to unity). A third refined model was generated using

REFMAC to iteratively adjust the ligand atom occupancy until

their atomic temperature factors refined to 28 Å2 (NAG atoms) or

34 Å2 (ASN atoms), using the same modified data described

previously (the target temperature factors were determined by

averaging the values observed in lysozyme crystals with full

occupancy NAG and thermolysin crystals with full occupancy

ASN).

Occupancy calculation. The best estimate for the occupan-

cy of each ligand was made by integrating each ligand’s electrons

Table 3. Precision and accuracy of the occupancy calculation and the Kd
cryst value.

Refined Occupancy (%) Deduced

0 mM ASN 100 mM ASN Kd
cryst (mM)

Phenix Occ. + B 6368 9066 11

Phenix Occ. only 6068 9862 2

Avg. e2 count (3 models) 362 8569 17

Model 1: Phenix Occ. & B 463 8869 13

Model 2: Phenix Occ. only 565 8668 16

Model 3: Refmac 161 82611 22

X-ray diffraction data were obtained from 10 thermolysin crystals that were not soaked in asparagine (first column) and from 10 thermolysin crystals that were soaked in
100 mM asparagine overnight (second column). We disregard crystal size because of the long soak times (all crystals were approximately 100 mm). For each group of
ten crystals, the average and standard deviation for the refined occupancy are shown separately for each of the methods used for the refinement (two conventional
PHENIX refinements, three electron counting methods described in 12.2, and the average of these three). Since the crystals were soaked overnight (tR‘ so that
Omax = Orefine) the intra-crystalline dissociation constant Kd

cryst is readily obtained from Omax using Eq. 2 (shown in the third column) [20]. There is a significant
discrepancy between the Kd

cryst value obtained from the curve fitted Omax (7.5 mM) and the value from the overnight soak Omax (17 mM). The occupancy refinement
protocols all have higher precision (as seen by the low standard deviation) than accuracy. This high precision is sufficient to demonstrate that smaller crystals reach high
occupancy faster. We report Kd

cryst to confirm that the binding affinity is within the expected range for a small molecule product, but with significant uncertainty. We
did not perform a similar analysis for lysozyme binding to N-acetyl glucosamine because the value obtained from the curve fitted Omax (5.4 mM) was very close to
reported values (4–6 mM) [22].
doi:10.1371/journal.pone.0101036.t003

Figure 4. Higher order terms not accounted for by Eq. 1 may exist. The residual (Orefine2Ocalc) between refined occupancies and calculated
occupancies as a function of crystal size (mm) for lysozyme + NAG suggests that small crystals may bind even faster than predicted by Eq. 1. Each
crystal data set is represented as one point (x-axis hash marks represent 100 mm of crystal size). The average absolute difference between refined
occupancy and calculated occupancy is 9.73%. A polynomial best fit to the residual (solid line) indicates that there may be higher order terms
(R2 = 6%). If Eq. 1 fully described the relationship between ligand occupancy, soaking time, and crystal size then the residual should show shapeless
noise. Ten very large crystals (over 480 mm) were soaked with NAG to further investigate the size dependence of the discrepancy (these data points
are on the right side of the figure, and were not used for any other purpose). This possible limitation of Eq. 1 finds weak support in the data; we do
not assert that it is the best or only evidence that Eq. 1 is incomplete. Despite these possible limitations, we believe that Eq. 1 relates soak time and
crystal length sufficiently to help plan high throughput screening experiments.
doi:10.1371/journal.pone.0101036.g004
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from the electron density map. In the case of NAG, the electrons

in the acetyl moiety were disregarded to prevent mis-calculation

because of counting acetone electrons that can occupy the same

site. In the case of ASN, electrons in the vicinity of the active site

zinc atom were masked out of the integration region to prevent

distortion by the very large electron density of the heavy atom.

Each of the three coordinate files (with refined occupancies) was

used to establish a mask containing the NAG region (minus the

acetyl moiety) or the ASN region (with the zinc atom masked out).

Three electron density maps were generated from the X-ray

diffraction data (with phases from each of the three refined

coordinate files described above). Each of the three electron

density maps was placed on an absolute level by adjusting the F000

such that the observed count of electrons in the well-ordered

protein envelope was equal to the known number of electrons in

the protein. The total number of electrons in the volume occupied

by each ligand was then integrated from each of the three electron

density maps. For each of the three refined atomic coordinate files,

the occupancy of the ligand was estimated by dividing the

observed integrated electron count by the known number of

electrons in the ligand [19] (both the observed electrons in the

ligand envelope and the known electrons in the ligand were

adjusted by subtracting the contribution from ordered waters that

bind in the absence of ligand). This procedure is described in

unpublished data (Soares & Casper et al). Briefly, known

information about the topography surrounding the ligand can be

accounted for in real space, but not in reciprocal space. For

example, the asparagine ligand binds near to a zinc atom in

thermolysin. Reciprocal space refinement of the asparagine

occupancy will occasionally be confounded by spill over from

the zinc atom. In real space the zinc atom contribution can be

flattened prior to electron counting. A similar accounting problem

occurs when N-acetyl glucosamine binds to lysozyme by displacing

an acetate ion. Accounting for these contributions requires an

accurate model of the vicinity of a well described binding site, so

electron counting methods would not be appropriate for ligand

discovery purposes.

A final best occupancy was obtained for each data set by

averaging the three occupancy numbers obtained by the electron

integration procedure phased with the three refined atomic

models. The largest observed standard deviation between these

three estimates was 22.41% for lysozyme and 22.36% for

thermolysin. The median standard deviation between the three

estimates was 6.51% for lysozyme and 7.36% for thermolysin. The

average standard deviation between the three estimates was 6.93%

for lysozyme and 7.63% for thermolysin. The minimum allowed

occupancy was 0.01, and the maximum was 0.99.

To determine the precision and accuracy of our electron

counting techniques, we obtained X-ray diffraction data from

twenty similarly sized crystals (,100 mm), half of which were

ASN-free controls and half of which were soaked overnight in

100 mM ASN.

Results

A total of 354 lysozyme + NAG data sets and 103 thermolysin +
ASN data sets were obtained from crystals of various sizes soaked

with their ligands for different times. The orientations for NAG

binding to lysozyme and ASN binding to thermolysin are shown in

Figure 2 (for clarity, these were among the best of our crystals). For

both lysozyme + NAG and thermolysin + ASN, inspection of the

relationship between soak time and observed occupancy revealed a

linear relationship between the time needed to reach 50%

maximum occupancy and the size of the crystal. The experimental

occupancy was observed to fit the following asymptotic curve

(Figure 3):

Ocalc~Omax

t

tzLt

� �
ð1Þ

Where L is the crystal length, t is the soak time, and the

calculated occupancy Ocalc is fit to the experimentally refined

occupancy Orefine. The two fitting parameters were Omax (the limit

occupancy after a long soak) and t (a fitting parameter with unit

s/mm). A least squares algorithm was used to calculate the values

of Omax and t which resulted in the best overall fits to the data sets

for lysozyme (Omax = 90%, t= 0.79 s/mm) and for thermolysin

(Omax = 93%, t= 0.28 s/mm). The average absolute differences

between the refined and calculated occupancy values were also

calculated (9.76% for lysozyme and 6.51% for thermolysin). A plot

of Orefine versus Ocalc fits well to a straight line with unity slope

(R2 = 77% for lysozyme and 87% for thermolysin). This indicates

that Eq. 1 explains 77% of the variance in Orefine for lysozyme and

87% for thermolysin. The results are summarized in table 2.

An intra-crystalline dissociation constant Kd
cryst is also reported

in table 2. The Kd
cryst was calculated from the refined Omax using

the fraction saturation equation [20]:

Omax~
½NAG or ASN�

K
cryst
d z½NAG or ASN�

 !
ð2Þ

In the case of lysozyme binding to N-acetyl glucosamine, the

calculated Kd
cryst [21] dissociation constant is similar to values

reported for free ligand [22]. The dissociation constant for

thermolysin binding to asparagine has not been reported, and

we estimate it to be 7.5 mM using the Omax obtained from Eq. 1.

However, there may be significant uncertainty in this estimate

(Table 3).

Eq. 1 is adequate for choosing an appropriate crystal size for

each soaking experiment, but there may be contributions such as

electrostatic steering, cooperativity, ligand affinity, conformational

changes, or complex ligand interactions that are not accounted for.

If Eq. 1 accounted for all of these factors, then the discrepancy

between the occupancy calculated from Eq. 1 (Ocalc) and the

occupancy refined from the data (Orefine) would be shapeless noise.

However, plotting the discrepancy Orefine2Ocalc as a function of

crystal size (Figure 4) shows small systematic differences (super-

posed on larger randomly distributed differences). Crystals smaller

than 200 mm appear to bind even more rapidly than predicted

using Eq. 1. If real, this systematic error may be experimental (for

example, interns may over-estimate the size of the smallest crystals)

or it may be physical (for example, ligand depletion may lower the

refined occupancy of large crystals). We acknowledge that Eq. 1 is

only an approximation. A more accurate prediction of binding

time could be obtained using a higher order polynomial expansion

in Eq. 1.

Discussion

We used lysozyme binding to NAG and thermolysin binding to

ASN as model systems to investigate the correlation between soak

time, crystal size, and crystallographically refined occupancy. Our

results demonstrate that smaller crystals can be used to decrease

the time needed for fragments to soak into the crystals. In some

cases smaller crystals may be used so that binding speed can keep
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up with fast specimen preparation techniques such as acoustic

droplet ejection. Other applications include accelerating very slow

ligand-exchange protocols [8].

Our models suggest that for any desired occupancy, there is a

direct proportionality between crystal size and the soak time

required for the NAG or ASN ligand to reach that occupancy.

These models (Eq. 1, Table 2) agree with experimental data to

within a mean absolute deviation of 9.76% and 6.51% for

lysozyme + NAG and thermolysin + ASN, respectively. Lysozyme

crystals pack tightly and form small protein channels that restrict

fragment mobility (,1 nm wide) [23]. NAG binds to lysozyme

with moderate affinity which will increase the time until

observable binding (Kd = 4–6 mM) [22]. The narrow channels

in lysozyme and the modest binding of NAG make this a

conservative model system to examine cases where on-micromesh

or on-conveyor binding studies are likely to result in crystallo-

graphically detectable occupancy. In contrast, the thermolysin

crystal lattice contains fewer constrictions.

Fragment libraries can be screened by using acoustic droplet

ejection to combine crystals and fragments directly on micro-

meshes or on a moving conveyor belt. On micro-meshes, as many

as 10 protein crystals can be combined with 10 different fragments

[6]. An unlimited number of crystal + fragment screens can be

combined on a conveyor belt [5]. These techniques efficiently use

fragment chemicals (,2.5 nL per screened condition), protein

(,25 nL per screened condition), space (1120 screened conditions

per standard shipping Dewar; no limits using a conveyor belt), and

synchrotron beam time (,1 second/screened condition) [24].

Evaporative dehydration of the protein crystal limits these

fragment screening applications to systems where the fragment

soak time is not prohibitive. Slow-binding compounds can be

screened (without time constraint) in trays using ADE, but will

consume significantly more resources such as purified protein and

chemical compounds (,1 ml per screened condition). Hence, it is

desirable to identify promising cases where the cost-efficient on-

micromesh or on-conveyor soaking methods are adequate.

If the lysozyme and thermolysin results are generally applicable

such that the time needed for chemicals to soak into many protein

crystals is correlated with the crystal size, it should be possible to

use small crystals to reduce the problem of crystal dehydration

during prolonged soaking and also to accelerate high throughput

screening projects. For some high throughput screening strategies,

fragments are soaked directly on the data collection media prior to

cryo-plunging. Crystallographically observable occupancy must be

achieved before evaporative dehydration. If the soak time is too

long, desiccation will destroy the crystalline order before the

fragment is detectable. This is especially relevant to crystals that

exhibit extended soak times (due to tight packing or other reasons

such as having one or more narrow constrictions). If crystals are

soaked with chemicals in situ on a direct injection system such as a

crystal conveyor belt, reducing the time needed for each chemical

to reach high occupancy in the crystal lattice will directly enhance

the screening speed.
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