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Abstract The production of macromolecular crystals

suitable for structural analysis is one of the most important

and limiting steps in the structure determination process.

Often, preliminary crystallization trials are performed

using hundreds of empirically selected conditions. Car-

boxylic acids and/or their salts are one of the most popular

components of these empirically derived crystallization

conditions. Our findings indicate that almost 40 % of

entries deposited to the Protein Data Bank (PDB) reporting

crystallization conditions contain at least one carboxylic

acid. In order to analyze the role of carboxylic acids in

macromolecular crystallization, a large-scale analysis of

the successful crystallization experiments reported to the

PDB was performed. The PDB is currently the largest

source of crystallization data, however it is not easily

searchable. These complications are due to a combination

of a free text format, which is used to capture information

on the crystallization experiments, and the inconsistent

naming of chemicals used in crystallization experiments.

Despite these difficulties, our approach allows for the

extraction of over 47,000 crystallization conditions from

the PDB. Initially, the selected conditions were investi-

gated to determine which carboxylic acids or their salts are

most often present in crystallization solutions. From this

group, selected sets of crystallization conditions were

analyzed in detail, assessing parameters such as

concentration, pH, and precipitant used. Our findings will

lead to the design of new crystallization screens focused

around carboxylic acids.
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acids � Data mining � Protein Data Bank analysis

Abbreviations

PDB Protein Data Bank

RD Redundant dataset

nRD Non-redundant dataset

PEG Polyethylene glycol

Introduction

Structural biology and the structural determination process

still remain primarily dependent on the formation of highly

diffracting crystals [1]. The process leading to successful

crystal formation, especially preliminary crystallization

trials, is predominately empirical. Traditionally, crystal-

lographers have employed methods of factorial screening

[2], where a limited number of conditions are tested, or

sparse-matrix screening [3] which offers a wide variety of

conditions containing various pHs, buffers, precipitating

agents, and additives. These methods of trial-and-error are

made easier with many of commercially available crys-

tallization screens, provided by several different compa-

nies, which come in a few different formats. These screens

are based on successful experiments that provided macro-

molecular crystals suitable for structural analysis. Spe-

cialized screens are also available which specifically target

nucleic acids, proteins, or protein complexes. In addition to
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the increase in the number of available screens, the

development of new methods for crystallization has also

aided in alleviating some of the bottleneck congestion.

Methods like counter diffusion [4], microfluidic crystal-

lography [5], and nanovolume microcapillary protein

crystallization [6] are providing scientists with alternative

means of obtaining crystals in an effort to enhance effi-

ciency. Furthermore, the technology associated with these

techniques is also evolving.

Carboxylic acids and their salts constitute a large portion

of successful crystallization experiments as reported to the

Protein Data Bank (PDB) [7]. Furthermore, they were also

shown to be successful cryoprotectants [8, 9]. Reported

here is the extraction of such successful experiments and an

in depth analysis of their components. This report, like the

MORPHEUS protein crystallization screen report for

example [10], originated from conditions derived from the

PDB. Unlike the MORPHEUS screen however, our report

is solely focused around carboxylic acids. Our efforts were

to uncover trends that can be used to further alleviate the

limiting step in structure determination. It is our hope to

eventually develop a crystallization screen based on these

findings where carboxylic acids are the main focus. Data

mining has been used in the past in a similar approach to

reveal trends in compositions of crystallization conditions

[11, 12]; it is to our knowledge that carboxylic acids have

not specifically been reviewed.

Experimental methods

The May 22, 2012 PDB release contained a total of 71,692

protein structures determined solely by X-ray. Those entries,

in the mmcif format, were downloaded and statistically

analyzed. For this study, the total number of deposited X-ray

structures (71,692) is referred to as the redundant data set

(RD). A sub-set of the RD, termed the non-redundant data set

(nRD), was generated after the removal of similar sequences

using 90 % sequence identity as the cut-off. The nRD is

composed of 26,313 PDB entries. Crystallization conditions,

as reported in the _exptl_crystal_grow.pdbx_details records,

were extracted from the analyzed deposits. For this analysis,

‘useful data’ was considered to be those records containing

information on chemical composition for the crystallization

solution, which include chemical names, concentration, and/

or pH. A similar approach was used for data acquisition to the

Biological Macromolecular Crystallization Database [13].

All records that did not contain any information on the

chemical composition were omitted. The final sets used for

the analysis were comprised of 47,783 and 18,300 crystal-

lization conditions for the RD and nRD, respectively.

Both the RD and the nRD were further analyzed and

sub-categorized by carboxylic acid. The carboxylic acids of

interest for this study were: acetate, citrate, formate, tar-

trate, malonate, malate, succinate, fumarate and oxalate.

Very few entries contained fumarate or oxalate, therefore

they were combined and categorized as ‘other’. Addition-

ally, entries containing TacsimateTM, a crystallization

reagent developed by Hampton Research Corp. [14–16]

were examined. TacsimateTM, available in pH 4, 5, 6, 7, 8,

or 9, is composed of: 1.8 M malonic acid, 0.25 M

ammonium citrate tribasic, 0.12 M succinic acid, 0.3 M

DL-malic acid, 0.4 M sodium acetate trihydrate, 0.5 M

sodium formate, and 0.16 M ammonium tartrate dibasic.

Concentration statistics were grouped into ‘low’,

‘medium’, and ‘high’ categories. The ‘low’ range repre-

sents concentrations of 100 mM or less. The ‘medium’

group contains concentrations greater than 100 mM up to

1 M, and the ‘high’ group contains concentrations greater

than 1 M. Furthermore polyethylene glycols (PEGs) were

also analyzed and divided into categories according to their

average molecular weight. The ‘low MW’ category con-

tained PEGs with average molecular weights \2,000. The

‘medium MW’ category contained PEGs between 2,000

and 6,000, and the ‘high MW’ category contained PEGs

with weights [6,000. In all analyses the ‘unknown’ cate-

gory contained results with insufficient or indeterminable

data.

All records were obtained and analyzed using a com-

bination of semi-automatic and manual approaches. The

semi-automatic data was analyzed using the grep command

in Linux. The manual data mining was quite involved due

to the PDB’s use of the free text format to collect infor-

mation on the crystallization experiments. This format

presented a challenge in accurate determination of a

number of conditions due to the inconsistent naming of

chemicals used in crystallization experiments.

Of all X-ray entries deposited to the PDB, the nRD was

taken into account to avoid bias among entries. Statistics

for the RD and nRD are quite comparable; therefore in this

report more detailed investigations of the carboxylic acids

are directed towards the nRD.

Results and discussion

Global statistics

Initially, the data collected from the PDB were separated into

the RD and nRD. Out of all X-ray entries deposited to the

PDB, as of May 22, 2012, 66.7 % of entries contained ‘useful

data’ as reported in the _exptl_crystal_grow.pdbx_details

records. In the nRD, where similar sequences were removed

using 90 % sequence identity as the cut-off parameter,

69.5 % of entries contained ‘useful data’. From this analysis

37.1 % of the entries in the RD and 37.2 % of entries in the
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nRD contained a carboxylic acid and/or its salt. All entries

containing ‘useful data’ and a carboxylic acid in both the RD

and nRD were used for further analysis.

The RD and nRD were further investigated individually.

In the RD, acetate was the most prevalent carboxylic acid

at 50.8 %. Citrate was the second most frequently used

carboxylic acid at 30.6 %, while formate was the third

most commonly used carboxylic acid at 7.7 %. The prev-

alence of the remaining carboxylic acids investigated were

all below 5 %. Additionally, TacsimateTM, while not a

specific carboxylic acid, was analyzed and accounted for

1.7 % of entries containing carboxylic acids (Online

Resource 1). The same statistical analysis was completed

for the nRD with very similar results. Acetate accounted

for 48.8 % of entries, 30.9 % contained citrate, and 8.7 %

contained formate. Furthermore, in the nRD, TacsimateTM

accounted for 1.4 % of all entries containing a carboxylic

acid (Fig. 1a). It is apparent that acetate, citrate, and for-

mate are the most commonly used carboxylic acids in this

analysis. This may be due to the fact that acetate and citrate

are commonly used buffers in crystallization conditions.

However, this simple explanation cannot be used in case of

formate. Even though TacsimateTM is composed of a

mixture of carboxylic acids, it is not frequently listed in the

crystallization conditions reported to the PDB (1.4 % of

conditions containing a carboxylic acid in the nRD). A

reason for this could be that it is used as an initial reagent

for crystal growth, and then conditions are optimized fur-

ther, including only one or two of the carboxylic acids from

TacsimateTM.

Statistical analysis was also conducted on X-ray entries

deposited to the PDB (March 20, 2013), where a carboxylic

acid was found as a ligand. It was found that 4,495 of the

78,412 entries to the PDB had a carboxylic acid and/or its

salt bound as a ligand. Overall 3.0 % of entries contained

acetate as a ligand, while citrate and formate were found

bound as a ligand 0.9 and 0.7 %, respectively. It shows that

despite the fact that carboxylic acids are very popular

components of crystallization conditions, they are rela-

tively rarely observed in crystal structures. In this subset,

acetate accounted for 52.5 % of the entries containing a

carboxylic acid as a ligand, and this percentage is very

similar to the observed frequency of acetate in crystalli-

zation conditions. However, citrate and formate are

observed in 16.3 and 13.0 % of entries with a carboxylic

acid as a ligand (Fig. 1b), which significantly differs from

their distributions in reported crystallization conditions.

Clearly, citrate is underrepresented and other compounds

including formate, tartrate, malonate and succinate are

significantly overrepresented. One possible explanation of

this observation may be related to the fact that citrate is

larger and is more charged than other analyzed carboxylic

acids.

Concentration and pH

Concentrations of the carboxylic acids were analyzed in the

nRD without any filters, and without taking into account

counter ions (Fig. 2a). The concentrations were categorized

into ‘low’, ‘medium’, and ‘high’. ‘Low’ represents con-

centration values up to, and including 100 mM, ‘medium’

represents concentration values [100 mM up to 1 M, and

‘high’ concentrations are greater than 1 M. For this ana-

lysis, TacsimateTM was omitted. Acetate was most

Fig. 1 Percentages of carboxylic acids found in the non-redundant

data set, and the percentage of carboxylic acids found as ligands.

a Statistics that correspond with the nRD. In all cases ‘Other’ refers to

fumarate and oxalate. The non-redundant data set indicates that

acetate is the most commonly reported carboxylic acid used in

crystallization, followed by citrate, then formate. b Percentages of

carboxylic acids found as ligands reported to the Protein Data Bank.

Of the entries where a carboxylic acid was bound as a ligand, the

statistical analysis of each individual carboxylic acid from that subset.

Values in parentheses represent the percentage of the entire PDB that

contained the specific carboxylic acid as a ligand
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commonly used at low and medium concentrations at 38.2

and 32.7 % respectively. Citrate was most prevalent at low

concentration, which accounted for 51.8 % of citrate con-

ditions, which again suggests that citrate is used mainly as

a buffering agent. Formate was frequently found at medium

and high concentrations at 35.0 and 34.7 % respectively.

This observation, in the case of formate, is in agreement

with results obtained by Radaev et al. [17] of conditions

used for crystallization of protein complexes. It was found

that not only is sodium formate one of the more common

compounds used for crystallization of macromolecular

complexes, but it is also used at high concentrations. This

observation may be explained by the significantly higher

solubility of formate salts in comparison with corre-

sponding acetate, citrate and tartrate salts. Succinate was

most commonly found at low concentrations, 41.4 %,

which most likely is related to relatively low solubility of

succinic acid and its salts. Malate and tartrate were most

frequently found at medium concentration, 33.6 and

55.6 % respectively, and malonate was predominately used

Fig. 2 Analysis of the

concentration ranges and pH

ranges of carboxylic acids in the

non-redundant dataset.

a Concentration ranges of

carboxylic acids where ‘low’

represents values of 0.1 M or

less, ‘medium’ contains values

[0.1 M up to 1 M, and ‘high’

contains concentrations greater

than 1 M. b pH ranges of the

crystallization condition used

that contains a carboxylic acid.

For clarity, only values for

acetate, citrate, and formate are

displayed. Bars at the bottom of

the figure and values in

parenthesis following the acid

indicate buffering ranges
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Fig. 3 Percentages of

commonly used additives in

conjunction with a Acetate.

b Citrate. c Formate
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at high concentration, 51.2 %. Unfortunately, the unknown

category represents 14.4–27.3 % of conditions where the

data was insufficient or indeterminable.

Buffers utilized for crystallization conditions are typi-

cally used in the medium to low concentration range. If the

carboxylic acids studied in this report were used only as

buffers, this might explain why their concentrations are

\1 M. The carboxylic acids, which were found in the high

category, however, might be due to the carboxylic acid

being used as a precipitant salt. The solubility of the car-

boxylic acid salts fall into the ‘high’ category (over 1 M),

with the exception of succinate, therefore most of the

carboxylic acids found in the medium to low concentration

ranges are not related to solubility.

The nRD was also analyzed based on pH ranges, without

the use of filters (Fig. 2b). The most commonly reported

pH range for conditions containing acetate was 4.0–4.9.

This range accounts for 30.2 % of all conditions containing

acetate. 42.4 % of all conditions containing citrate were

reported in the 5.0–5.9 pH range. These two carboxylic

acids are typically reported within their buffering ranges

and may indicate that both acetate and citrate, when used in

a crystallization condition, are typically used as a buffer.

Formate, malate, malonate, succinate, and tartrate are all

Fig. 4 Analysis of ammonium sulfate concentration ranges where

‘low’ represents values of 0.1 M or less, ‘medium’ contains values

[0.1 M up to 1 M, and ‘high’ contains concentrations [1 M in

combination with acetate (blue), citrate (red), or formate (green)

Table 1 Analysis of the concentration of ammonium sulfate in combination with the concentration of (A) Acetate (B) Citrate, and (C) Formate

Cells highlighted in blue indicate combinations [10 %, while cells highlighted in green represent the unknown category of one component in

combination with the unknown category of another component that are [10 %
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most commonly reported within the 7.0–7.9 pH range,

33.2, 55.5, 59.7, 50.5, and 44.1 % respectively. This

occurrence may be due to conditions being prepared at

physiological pH. Unknown conditions were much less

common, 14.9 % or less, than what were determined for

concentration. Moreover, pH values lower than 4, or higher

Fig. 5 Analysis of sodium chloride concentration ranges where ‘low’

represents values of 0.1 M or less, ‘medium’ contains values[0.1 M

up to 1 M, and ‘high’ contains concentrations [1 M in combination

with acetate (blue), citrate (red), or formate (green)

Fig. 6 Analysis of all polyethylene percentage ranges (weight/

volume or volume/volume) in combination with acetate (blue), citrate

(red), or formate (green)

Table 2 Analysis of the concentration of sodium chloride in combination with the concentration of (A) Acetate (B) Citrate, and (C) Formate

Cells highlighted in blue indicate combinations [10 %, while cells highlighted in green represent the unknown category of one component in

combination with the unknown category of another component that are [10 %
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than 8 were far less frequently observed. Results of our

analysis also demonstrate that the carboxylic acids are

mainly used in the 4–9 pH range, and the overall distri-

bution is similar to this observed range for all proteins

reported in PDB [18].

Compounds most often seen in combination

with acetate, citrate, and formate

As previously mentioned, acetate, citrate, and formate are

the most prevalent carboxylic acids used as reported to the

PDB. This report further investigates commonly used

precipitating reagents used in combination with each of the

carboxylic acids. A routinely used precipitating reagent is

ammonium sulfate and was found in 12.6, 16.9 and 1.3 %

of conditions that contained acetate, citrate, and formate

respectively (Fig. 3a–c). Entries that contained ammonium

sulfate were then filtered by acetate, citrate, or formate

(Fig. 4). Typically, the concentration of ammonium sulfate

used in combination with acetate, citrate, or formate is

higher than 1 M. The second most frequent combination,

between ammonium sulfate and acetate or citrate, was at

medium or unknown concentrations of ammonium sulfate.

Formate and low concentrations of ammonium sulfate

however, are seen 25 % of the time, which is the second

most frequent combination. Moreover, medium concen-

trations of ammonium sulfate and those entries with

unknown values in conjunction with formate are equal at

12.5 %. Acetate, citrate, and formate concentrations were

compared to the concentration of ammonium sulfate;

results are shown in Table 1.

Sodium chloride, another salt used in crystallization

solutions, was found in 6.8, 5.0, and 4.3 % of conditions

that contained acetate, citrate, or formate respectively

(Fig. 3a–c). Entries that contained sodium chloride were

then filtered and reanalyzed to show the relative percent-

ages of acetate, citrate, or formate. Disregarding the sta-

tistics for the unknown category, acetate, citrate, and

formate follow the same trends. Typically, sodium chloride

at medium concentration with each of the carboxylic acids

is the most popular combination. The second most popular

category is in combination with low concentrations of

sodium chloride and the least favored combination are the

carboxylic acids with high concentrations of sodium

Table 3 Analysis of the molecular weight ranges of polyethylene glycol in combination with the concentration of (A) Acetate (B) Citrate, and

(C) Formate

Cells highlighted in blue indicate combinations [10 %
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chloride (Fig. 5). Additionally, the concentrations of ace-

tate, citrate, and formate with the concentration of sodium

chloride were analyzed (Table 2).

Figures 3a–c clearly show that PEGs are the compounds

that most often accompany acetate, citrate, and formate.

For acetate and citrate, more than 50 % of the analyzed

Fig. 7 Analysis of commercial screens Crystal Screen 1 (CS),

Crystal Screen 2 (CS2), Index (Hampton Research), Wizard Screen

1-4 (Emerald Biosystems), and Joint Structure for Structural

Genomics Plus (Molecular Dimensions). a Analysis of commercial

screens containing a carboxylic acid. b Percentage of which

carboxylic acid is present in which commercial screen. c pH ranges

of the crystallization conditions in examined commercial screens used

that contained a carboxylic acid. d Concentration ranges of crystal-

lization conditions in examined commercial screens that contained a

carboxylic acid

Table 4 Analysis of the concentration of ammonium sulfate in combination with the concentration of (A) Acetate (B) Citrate, for commercial

screens

Cells highlighted in blue indicate combinations [10 %
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crystallization conditions contain PEGs, while for formate

it is more than 40 % of all conditions. Entries containing

PEG were also examined and divided based on average

molecular weight, where ‘low MW’ refers to PEGs\2,000,

‘medium MW’ is comprised of PEGs 2,000–6,000, and

‘high MW’ contained PEGs [6,000. PEGs with medium

molecular weight are most often observed in conditions

containing acetate, citrate and formate. Conditions con-

taining acetate differ somewhat from conditions with cit-

rate and formate, as acetate more often is observed in

combination with high molecular weight PEGs.

Conditions containing PEGs of various molecular

weights in combination with acetate, citrate, and formate

were also analyzed in detail. Entries that contained PEGs (of

any size) were filtered by acetate, citrate, or formate, then

sorted based on percentage of weight per volume (w/v) or

volume per volume (v/v) depending on the average molec-

ular weight of PEG used in the crystallization reagent.

Acetate, citrate, and formate in combination with all PEGs

followed the same trends. Disregarding the unknown

category, the 11–20 % concentration range of PEG (w/v or

v/v) was most commonly observed, followed by the

21–30 % range, then the 0–10 % range. About 17–29 % of

all entries containing PEG had missing information, and

therefore were categorized in the unknown bracket (Fig. 6).

All entries were categorized by carboxylic acid first,

then whether or not it contained PEG. Of the entries that

fulfilled carboxylic acid and PEG, the PEG was then

divided into categories of low, medium, and high average

molecular weight. In all cases, medium molecular weight

PEG was most commonly used with acetate, citrate, and

formate. Also, in all cases \1 % of entries fell into the

unknown category indicating that when the use of PEG is

reported to the PDB, the molecular weight is also dis-

closed. The concentrations of acetate, citrate, and formate

with the average molecular weight of PEGs were also

analyzed and are shown in Table 3.

Further analysis was completed in regards to acetate, cit-

rate, and formate. Entries that contained the particular car-

boxylic acid were grouped and then sorted by how many

conditions contained each of the other most common car-

boxylic acid, as well as if they contained phosphate. Acetate in

combination with citrate or formate was seen at 6.0 or 3.1 % of

all conditions containing acetate. Overall 2.4 % of conditions

containing acetate also contained phosphate. Citrate in com-

bination with acetate or formate was seen at 9.4 or 1.1 % of all

conditions containing citrate. 13.3 % of conditions containing

citrate also contained phosphate. Finally, formate in combi-

nation with acetate or citrate was seen at 17.4 or 3.8 % of all

conditions containing formate and 1.3 % of conditions con-

taining formate also contained phosphate.

Commercial screens

In order to investigate whether the crystallization condi-

tions reported in the PDB differ significantly from those

used in general use commercial screens, an additional

portion of our analysis was the examination of carboxylic

acids used in these screens. The commercial screens we

investigated were: Crystal Screen 1 and 2 (Hampton

Research), Index (Hampton research), Wizard Classic

screens 1-4 (Emerald Bio), and JCSG? (Molecular

Dimensions) which were chosen as to not show bias

towards a particular group of macromolecules. Of the

commercial screens investigated, Crystal Screen 1 con-

tained the highest percentage of conditions containing a

carboxylic acid (58.0 %). Index, JCSG?, and Wizard

Classic 1 and 2 had 46.9, 43.8, 39.6 and 43.8 % of con-

ditions containing a carboxylic acid respectively. Crystal

Screen 2, and Wizard Classic 3 and 4 contained the fewest

number of conditions containing a carboxylic acid at 27.1,

33.3 and 27.1 %, respectively (Fig. 7a). All conditions

containing a carboxylic acid from the commercial screens

Table 5 Analysis of the concentration of sodium chloride in com-

bination with the concentration of (A) Acetate (B) Citrate, for com-

mercial screens

Cells highlighted in blue indicate combinations [10 %
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were pooled and analyzed. The commercial screens are in

agreement with what we observed from our analysis of the

PDB; where acetate, citrate, and formate are the three most

commonly used carboxylic acids (Fig. 7b). Additionally,

the pooled conditions were further analyzed to determine

the carboxylic acid concentration and pH (Fig. 7c, d).

The concentrations of the carboxylic acids used in the

commercial screens are similar to the concentrations of the

carboxylic acids in the nRD. Acetate (53.3 %) and formate

(72.2 %) were most commonly used at medium concen-

tration, while low concentration was favored for citrate

(55.0 %). Moreover, malate and malonate were typically

used at high concentration, 60.0 and 66.7 % respectively,

succinate was used equally at 40.0 % in both low and

medium concentrations, and tartrate (77.8 %) was fre-

quently used at medium concentration. The pH of the

commercial screen conditions containing a carboxylic acid

is in agreement with the pH of the conditions containing a

carboxylic acid for the nRD. The only exception is malate,

where it was found at high concentration in the commercial

screens and found at medium concentrations in the nRD.

Acetate and citrate are most commonly used within their

buffering ranges at 4.0–4.9 and 5.0–5.9 respectively.

Formate, however, is unusual in that most of the conditions

containing formate do not report a pH thus yielding almost

60 % of formate conditions in the ‘unknown’ category. As

is seen in our analysis of the nRD, the majority of condi-

tions are found between pH 4–8. Malonate, succinate, and

tartrate are most commonly found in the 7.0–7.9 pH range,

indicating their use at physiological pH, while 75 % of

conditions containing malate are found in the 8.0–8.9

range. This range is higher than its buffering range and is

greater than physiological pH.

The concentrations of acetate and citrate with the con-

centration of ammonium sulfate or the concentration of

sodium chloride are shown in Tables 4 and 5. Statistics

including formate in combination with ammonium sulfate

or sodium chloride were not observed. The analysis aver-

age molecular weight of PEGs with acetate, citrate, and

formate concentrations are shown in Table 6.

Conclusions

A significant portion of PDB entries, determined by X-ray

crystallography, do not have information on crystallization

Table 6 Analysis of the molecular weight ranges of polyethylene glycol in combination with the concentration of (A) Acetate (B) Citrate, and

(C) Formate, for commercial screens

Cells highlighted in blue indicate combinations [10 %

Carboxylic acids in crystallization of macromolecules 23

123



conditions, or the reported conditions do not have a

detailed description [19, 20]. Nevertheless, even incom-

plete data was informative as to which of the carboxylic

acids are most commonly used, what concentrations they

are used at, and what pHs are most common. Not only did

this analysis determine that acetate, citrate, and formate are

the top three carboxylic acids used, it also investigated

other components used in combination with the carboxylic

acid. Furthermore, it prompted the analysis of commercial

screens to determine whether or not the screens rely

heavily on carboxylic acids. The commercial screens are in

agreement that acetate, citrate, and formate are the most

commonly used acids. This finding is consistent with the

observation made by Gorrec [21], who noticed that the

more often a reagent is used to formulate initial conditions,

the more often it is later found in conditions that report

quality diffracting crystals. The commercial screen condi-

tions are also in agreement with this study in that the less

utilized carboxylic acids studied here may not lead to

successful crystallization experiments and therefore their

occurrence in not only the PDB, but also commercial

screens is much less frequent. Moreover, of the commer-

cially available screens that were analyzed here, Crystal

Screen 1 has the highest percentage of conditions con-

taining carboxylic acids. Our observations show that some

compounds, or combination of compounds, are signifi-

cantly more successful in the production of diffracting

crystals. Therefore, this analysis is leading the way for the

development of a new crystallization screen focused

around carboxylic acids. Our findings also are in agreement

with results obtained by Kimber et al. [22] who analyzed

crystallization conditions for several hundred proteins

purified and crystallized using the same approach. It is also

worth mentioning that Kimber et al. also noticed that cit-

rate and formate salts were present in especially successful

crystallization conditions. However, the same study

showed that acetate and tartrate salts were less successful

precipitants.

Carboxylic acids are very popular as components of

crystallization conditions, yet most of these conditions

correspond to the combination of relatively few com-

pounds. Therefore, alternative crystallization strategies

with the use of more diverse carboxylic acids as additives

should be used to further increase crystallization proba-

bility [14, 16, 23].
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