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ABSTRACT Single-stranded annealing (SSA) proteins bind to single-stranded DNA (ssDNA) and promote the
pairing of homologous DNA strands, a process that is involved in the repair of double-stranded
breaks. This work focuses on RecT and {3 protein, from Escherichia coli and bacteriophage lambda,
respectively, which are two classic examples of SSA proteins. The human protein Rad52 promotes
the same reactions as RecT and $3, and is involved in multiple DNA repair pathways. Cells and
DNA have mechanisms that repair mutations and failure to do so may lead to cancer. Chemother-
apy requires study of repair mechanisms. Therefore, it is important to understand the DNA repair
processes of RecT and B. Electron Microscopy studies propose that the proteins form oligomeric
rings and helical filaments, but information on the fold of the proteins and the DNA binding sites on
the surface of the oligomers is not available. This information can be obtained from high resolution
images of a protein’s structure. The aim of this study is to determine the mechanism by which
SSA proteins bind to ssDNA and promote the annealing of complimentary DNA strands. This will
increase our general understanding of how proteins recognize and repair damaged sites of DNA
in cells. Our approach will employ the powerful technique of x-ray crystallography to determine
the three-dimensional structure of SSA proteins at high resolution. This technique requires that
the SSA protein be crystallized. A sample of RecT or B is purified and screened for initial crystals
which are then optimized to grow larger crystals. Once large crystals form, x-ray diffraction is used
to solve the three-dimensional atomic structure of the protein, preferably in complex with DNA
substrates. The first large crystals of RecT that can diffract to 6-7 Angstroms have been formed in
the lab, which is a significant step toward understanding the protein repair mechanism, which will

ultimately provide a foundation for improved applications in cancer treatment.

INTRODUCTION

Protein atomic structures reveal the fundamental
processes of life and can be studied by protein crystal-
lography. Protein crystallography is a powerful tech-
nique employed to determine the structure of proteins
and protein-DNA complexes by creating crystals and
using the crystals to diffract x-rays. The main bottleneck
in the process of protein crystallography is to produce
structurally and internally well-ordered crystals. Such
crystals allow for x-ray diffraction to produce high-res-
olution images of a protein. Other challenges when in-
vestigating a protein’s structure include difficulty with
expression, purification, or stability [12].

Novel approaches have been made for the im-
provement of the crystallization process. One study has
discovered new methods to effectively study the struc-
tures of proteins by creating a hybrid model to predict
the outcome of protein crystallization by using experi-
mental and sequence data to “prioritize and direct ef-
forts of structural genomics” (Zucker et al.) [14]. Films

have been examined after x-ray diffraction for analysis
of the level of bioactivity on the film (Hader et al.) [13].
New techniques, such as evaporation (to determine the
phase of a drop at any point in time) and solubility dia-
grams (to conserve more protein than the amount used
in optimization trays), have been administered to pro-
duce more accurate and defined crystals and minimize
the challenges (Talreja et al.) [12].

Single-stranded annealing (SSA) proteins bind
single-stranded DNA (ssDNA) and promote the pair-
ing of homologous DNA strands. This is an important
step in the repair of double-stranded breaks by homol-
ogous recombination [11]. RecT from Escherichia coli
(E. Coli) binds to ssDNA and is involved in recombi-
nation by promoting the annealing of complimentary
DNA strands [11]. In eukaryotes, Rad52, a 400 residue
protein, promotes the same reactions as RecT and Redf}
(P protein), and is involved in DNA synthesis and mul-
tiple DNA repair pathways [2]. Although Rad52 shares
the same functions as RecT and P protein, this study
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focuses on the bacterial proteins because they are easier
to obtain in the large quantities needed for structural
analysis. Also, RecT and [ protein are being employed
in powerful new biotechnology applications, such as a
new method for genetic engineering known as “recom-
bineering” [2].

The human genome consists of sequences of DNA,
which are subject to mutations. Cells and DNA have
mechanisms to repair mutations; however, failure to do
this may lead to cancer. Therefore, it is important to un-
derstand how the DNA repair processes of RecT and [
protein work so that such mistakes can be prevented.

Both RecT and P protein have been found to pro-
mote the same reactions as Rad52 (Hall et al.) [2,7].
Electron Microscopy (EM) studies show that RecT and
B protein form oligomeric rings and helical filaments
(Passy et al.) [2,10]. Furthermore it has been predict-
ed that the p protein forms oligomeric rings with the
ssDNA bound along the outside of the ring, and helical
filaments formed on the duplex product of annealing
(Passy et al.) [2,10]. p protein has been found to bind
weakly to ssDNA, not to all double-stranded DNA
(dsDNA), but very tightly to the duplex product of an-
nealing (Karakousis et al.) [2,8]. Another recent study
shows that Rad52 and the RecT/p protein family are
related to one another (Erler et al.) [2,5]. This all indi-
cates that RecT and P protein are effective alternatives
to Rad52 and that some of their functions have been
revealed.

Although, through many studies, the main func-
tions of these proteins have been revealed, the struc-
tures of RecT and P protein had not been solved. There
are no crystal structures of RecT and P protein homo-
log available [2]. There is no information on the fold of
the proteins and the suggested DNA binding sites on
the oligomers are approximations [2]. A study has pro-
duced a low-resolution image of the proteins, however,
a high-resolution structure is not yet available [2]. This
study aims to determine the mechanism by which SSA
proteins bind to ssDNA and promote the annealing of
complimentary DNA strands. Protein crystallography
and x-ray diffraction will be used to solve the three-di-
mensional structure of RecT and [ protein at atomic
resolution.

METHODS
Purification
SSA protein that had been prepared for crystalli-

zation through purification was studied. A 231 residue
bacterial protein sample of RecT, Lactobacillus planata-
rum (LPRect231), was cloned into a plasmid for expres-
sion of the N-terminal fragment in E. Coli. The pro-
tein was purified by Ni2+ -affinity and anion exchange
chromatography, concentrated to 20-30 mg/ml, and
frozen at -80° Celsius. A similar procedure was carried
out for B protein.

f176 and P177, two N-terminal fragments of
protein, were purified. A plasmid was initially trans-
formed into BL21AI competent cells. Cell cultures were
then grown in LB medium. The cells were resuspended
and sonicated to lyse the cell and extract the protein.
Ion exchange chromatography, which separates pro-
tein molecules based on their polar charge, and affinity
chromatography, which separates the protein based on
an engineered tag, was used to purify the protein. Sev-
eral SDS-Page Gels were run to examine the purity of
the protein. The protein was finally concentrated.
Screening

Screening is the process by which versatile pre-
made reservoir agents and solutions are mixed with
protein DNA complexes to find preliminary crystals
or “hits,” which can then be used for optimization of
the hit conditions. LPRect231 was initially tested with
the Wizard I" and II"™ screening kits from Emerald Bio-
systems and then with the Salt Rx™ kits from Hampton
Research [Fig. A]. The Wizard™ kits contain all different
types of agents, and the Salt Rx™ kits contain all different
varieties of salt compounds. Although Wizard I"™ and
IT were sparse-matrix screens, our preliminary crystals
were found with the salts. The method used for crys-
tallization was hanging drop vapor diffusion, in which
the 2 to 4 ul drops of protein, reservoir, and/or DNA
becomes supersaturated and more concentrated as wa-
ter diffuses from the drop to the more concentrated res-
ervoir solution in the well below it. This technique is
described in detail by Chayen and Saridakis [4].

Eventually, LPRect231 and P protein complexes
were tested with several other screening kits through
the Mosquito instrument. After trays were completed
when using screens, one-three days were usually need-
ed before being crystal formation was noticeable.

Optimization

The objective of optimizing is to grow larger,
high-quality, three-dimensional crystals by finely ma-
nipulating the conditions of a hit. A typical setup is



Fig. A. A salt Rx screening kit

shown in Fig. B. Usually, 500 pl to 1 ml of reservoir were
prepared for each of the twenty-four wells in a tray by
mixing different buffers, stock solutions, and water. The
LPRect231 protein was mixed with DNA and dilution
buffer Tris pH 8.0 to make a protein DNA complex and
to lower the concentration of LPRect231 to 10 mg/ml.
B protein was only mixed with Tris pH 8.0 when mak-
ing its complex as no crystals were grew with it when
mixed with DNA.

Initially, four DNA lengths were studied: 32, 36,
40, and 44-mer length nucleotides in the polymer Poly-
dT, named DT32, DT36, DT40, and DT44 respectively
for this study. The preliminary crystals [Fig. C] grew
from Salt Rx set 2 only for DT40, (although DT32 and
DT44 were also used) under the conditions: 3.5 M So-
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Fig. B. A typical setup for optimization with various solutions
(top), reservoir cocktails (bottom-left) and crystal tray (bot-
tom-right).
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Fig. C: Preliminary crystals grown with Sodium Formate

dium Formate with Tris pH 8.5. Optimization of the
given conditions was carried out using Sodium For-
mate as the precipitating agent and four buffers pH 8-9
including Tris. Larger crystals formed under the same
conditions as the hit from the previous screening. After
further optimization, variables such as pH, tempera-
ture, protein concentration, DNA length, precipitating
agents, cryo protection and drop volume were varied in
efforts to improve the quality and size of the crystals.
Optimizations were then completed with a new
crystal condition, with precipitating agent Peg 3350,
found through a screening kit, Index. Experiments with
this were carried out with different DNA lengths such as
38, 40, 42 and 40 5’ Phosphate-mer, and various buffers.

Analysis of Trays

Two to three days after completing a tray, the hang-
ing drops were analyzed under a dissecting microscope,
in search of crystals. Observations and notes were taken
every few days recording the saturation phases of each
drop including: the number of clear drops, precipitate
build-up, and growth of crystals. After finding new
crystals, further optimization of the hit conditions was
carried out, honing in closer to the hit's molarity and
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Fig. 1: A sheet of small crystals, formed by a Sodium Formate
optimization, similar to the crystals formed in the initial salt
screen

increasing drop sizes. Film pictures of the best crystals

were taken and then several of the crystals were used for
x-ray diffraction. By continuing to optimize the crys-
tals, the goal was to improve the internal structure and
size of the crystals to get strong diffraction patterns.

RESULTS

LPRect231 was purified and then used with
sparse-matrix screens Emerald II", a disperse com-
pounds kit, producing no crystals. When used with the
Salt Rx™ screening Kkit, crystals formed at the condition
of 3.5 M Sodium Formate with buffer Tris pH 8.5 and
with the 40-mer (DT40) protein DNA complex [Fig. 1].
The 40-mer DNAs are polydeoxythymines opposed to
being composed of a sequence of different nucleotide
bases. Only the 40-mer DNA protein complex was used
to optimize the hit; other DNA lengths such as 32 and
44-mer were unable to crystallize under those condi-
tions.

Further optimization with Sodium Formate 2.0-
4.5M with buffers pH 6.5-9.0 was carried out [Table 1],
with crystals only growing in the initial hit condition.
This was further refined to 3.2-3.7M of the same pre-
cipitating agent with buffers of pH 8.0-9.5 [Table 2]. A
sheet of crystals [Fig. 2] and the largest crystals grew
from hanging drops of 3.2-3.4M Sodium Formate with
buffer Hepes pH 9.0 [Fig. 3]. The crystals grown in this
condition were not birefringent, but were three-dimen-
sional and larger than those grown in the initial hit [Fig.
3]. However, the crystals did not provide any diffraction
patterns or spots [Fig. 4].

For the next optimization, several factors were var-
ied (Table 3). In another optimization, the main precip-
itating agent, Sodium Formate, was replaced with Po-

LPRect231 Protein | Precipitating Agent Buffer Drop Sizes

Concentration (protein + reservoir)

10 mg/ml 2.0-4.5M Sodium Formate | 0.1M Sodium 2pl+2pl
Carodylate pH 6.5

10 mg/ml 2.0-4.5M Sodium Formate | 0.1M Imidagodo pH 7.5 | 2 pl + 2 pl

10 mg/ml 2.0-4.5M Sodium Formate | 0.1M Tris pH 8.5 2pl+2ul

10 mg/ml 2.0-4.5M Sodium Formate | 0.1M Hepes pH 9.0 2ul+2pl

Table 1: An optimization with Sodium Formate 2.0-4.5M with
buffers pH 6.5-9.0

LPRect231 Protein | Precipitating Agent Buffer Drop Sizes
Concentration (protein + reservoir)
10 mg/ml 3.2-3.7M Sodium Formate | 0.1M Hepes pH 8.0 2ul+2pl

10 mg/ml 3.2-3.7M Sodium Formate | 0.1M Tris pH 8.5 2pul+2ul

10 mg/ml 3.2-3.7M Sodium Formate | 0.1M Hepes pH 9.0 2pul+2pl

10 mg/ml 3.2-3.7M Sodium Formate | 0.1M Ches pH 9.5 2ul+2pl

Table 2: An optimization of 3.2-3.7M of Sodium Formate with
buffers of pH 8.0-9.5

tassium Thiocyanate (5.0M), Sodium Malonate (3.2M),
Potassium Hydrogen Phospha te (4.0M), and Sodium
Acetate (4.0M) as they share similar properties, howev-
er no crystals formed. After several more optimizations,
crystal grown from 2.8M Sodium Formate with 0.1M
Hepes pH 9.0 and at 30 mg/ml of protein, diffracted up
to 22 Angstroms through the use of a capillary [Fig. 5].

After screening LPRect231 with 36, 40, and 44-mer
DNA with the Axygen Custom VI and Index screens,
two new hits formed. The crystal condition from the
Axygen kit was 0.48M Magnesium Sulfate with buffer
Na-K-Phosphate pH 6.5, which formed crystals for 36
and 40-mer. The condition of the crystal from the Index
kit was 2% Peg 3350 with 15% Tascimate pH 7.0 and buf-
fer 0.1M Hepes pH 7.0, which formed needle-like crys-
tals for 36-mer. After optimizing the hit with Peg 3350,
the needle structures were reproduced for 1.0-3.5% Peg
3350 for pH 7.0-8.5 [Fig. 6]. However, no crystals were
produced after optimizing the Magnesium Sulfate hit,

Fig. 2. A sheet of large crystals grown from 3.3M Sodium For-
mate with buffer 0.1M Herpes pH 9.0



Fig. 3. The largest, three-dimensional crystals grown from 3.2M
Sodium Formate with buffer 0.1M Herpes pH9.0

only precipitate and some spherical structure formed
on the hanging drops.

Additives, which are supplemental chemicals add-
ed to reservoirs, were used on the Peg 3350 condition
once the largest needles were obtained. A new condi-
tion with Peg 3350 was found that had solid, rectangu-
lar crystals. Experiments with this were carried out with
different DNA lengths such as 38, 40, and 42-mer, and
buffers. Eventually, large, three-dimensional, and bire-
fringent crystals [Fig. 7] were grown with LPRecT231
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Fig. 5. The diffraction image produced, with the use of a capil-
lary, of a crystal grown from 2.8M Sodium Formate with 0.1M
Hepes pH 9.0 and at 30 mg/ml of protein

and DT38 at the condition: 0.5% Peg 3350, 16% Tasci-
mate, 200 mM ZnSO4, and Hepes pH 7.5. Also, sim-
ilarly large crystals were grown with LPRecT231 10
mg/ml with DT40 5 Prime Phosphate at the condition:
0.4% Peg 3350, 16% Tascimate, 230 mM ZnSO4, and
Hepes pH 7.5. They diffracted up to 6-7 Angstroms
with the use of a capillary (room-temperature setting).
[Fig. 8-9].

Crystal experiments with  protein without x-ray
diffraction. B crystals were initially grown from a hit
with the condition: 0.064M Sodium Malonate with a
buffer of pH 7-7.5. The condition was optimized until
crystal needles grew with B in the condition: 0.192M
Sodium Malonate with 15% Glycerol and 0.1M Hepes
pH 7.5. A new hit crystal condition for f was discov-
ered: 0.2M Ammonium Acetate with 15% 2-Propa-
nol and 0.1M Tris pH 8.5. This condition was further
optimized by: varying buffer pH, varying 2-Propanol
concentration, adding multiple alcohol precipitat-
ing agents (i.e. Ethylene Glycol. Hexane Diol, MPD,

Fig. 4. The diffraction image produced with the largest three-di-
mensional crystal (3.2M Sodium Formate with Hepes pH 9.0).
The crystal failed to diffract, resulting in no diffraction spots or
patterns.

LPRect231 Protein | Precipitating Agent Buffer Drop Sizes

Concentration (protein + reservoir)

10 mg/ml 2.95-3.20M Sodium Formate | 0.1M Hepes pH 9.0 | 2 pl + 2 pl

10 mg/ml 3.40-3.50M Sodium Formate | 0.1M Tris pH 8.5 2pul+2ypl

10 mg/ml 3.20M Sodium Formate 0.1M Hepes pH 9.0 | varied from 1+1 pl to
3+1 plto 1.5+0.5 pl

15 mg/ml 2.7-3.2M Sodium Formate 0.1M Hepes pH 9.0 |2 pl+2 pl

Table 3: A Sodium Formate optimization testing several vari-

ables.
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Fig. 6. Crystal needles formed for the Peg 3350 optimization
from 2% Peg 3350 (50% stock) with Hepes pH 7.5 (1M)

2-Ethoxyethanol, Ammonium Formate, Ammonium
Citrate, Ammonium Sulfate, Tri-Sodium Citrate, Potas-
sium Phosphate, and Glycerol), and varying drop ratio.
Glycerol was the main cryo protectant for LPRect231,
but it caused smaller sheets of crystals to form when
mixed with a  condition. Crystals were grown in up to
10% Glycerol. 2-Propanol allowed for larger crystals to
form, but only when 5% of 2-Propanol was used were
crystals able to form. The largest crystals formed when
B was used with the following conditions: (1) 0.08M So-
dium Malonate pH 8 with Hepes pH 7.0 and 4% Glyc-
erol and (2) 0.05-0.75M Ammonium Phosphate pH 7
with 0.05M NaCl and Hepes pH 7.5. Crystals were also
formed with Hepes pH 7.5 alone.

Fig. 7. LPRect231 crystals grown with Peg 3350, Tascimate, Zinc
Acetate, and Hepes pH 7.5

Fig. 8-9: The diffraction spots/pattern of a LPRect231 20 mg/
ml 38-mer crystal using a capillary (top). The crystal was grown
in the condition: 0.5% Peg 3350 with 16% Tascimate, 200 mM
ZnS04, and 100 mM Hepes pH 7.5. The diffraction/spots of
LPRect231 38-mer without the use of a capillary (bottom). The
crystal conditions are the same except 3.75% Peg 3350 is used
and the crystal is grown in 20% Glycerol.
DISCUSSION

The optimum pH for LPRect231 crystal formation
with Sodium Formate was found to be 8.5-9.0. Through
optimizations, it became clear that including DNA in
the protein complex is necessary for crystal structures
to form with Sodium Formate. Also, crystals only form
with certain DNA lengths (40-mer, not 32 or 44-mer).




Fig. 10. Oligomeric rings and helical filaments formed by  pro-
tein (reference 10)

This specificity supports shows that the notion that
DNA is required because it is part of the crystal, rather
than it having a non-specific poly-anion effect. This sug-
gests that we have in fact crystallized the protein-DNA
complex and not simply the protein alone.

The mechanism by which SSA proteins bind to
ssDNA and promote the annealing of complimentary
DNA has been proposed through EM studies and
graphs and a low-resolution model has been created.
It has been proposed that once the rings have formed
over the crystal, helical filaments wrap around it [Fig.
10]. Although through other studies, the basic structure
of the protein has been proposed, this study is not yet
complete and the protein structure has not yet been dis-
covered.

When viewed with a light microscope, the crystals
that formed with Sodium Formate were three-dimen-
sional and appeared to be solid and ideal for diftraction.
Nevertheless, they did not produce any diffraction spots
until a capillary was used. With the use of a capillary,
the crystal was diffracted up to 22 Angstroms. Howev-
er, the crystals that formed with Peg 3350 and ZnSO4
diffracted to 7 Angstroms which is significantly high
resolution diffraction. Crystals need to be well-ordered
internally in order to form diffraction spots.

Through experimentation, it can be concluded
that Sodium Formate can produce large crystals with
LPRect231, however the crystals are unable to diftract
without the use of a capillary. The largest crystals formed
when using 3.2M of Sodium Formate with LPRect231
15 mg/ml opposed to 10 mg/ml or 20 mg/ml. Initially,
only the buffer Tris pH 8.5 with Sodium Formate al-
lowed crystals to grow, but after many optimizations,
using Hepes pH 7.0 produced the best-quality crystals.

Regarding the optimization with Magnesium Sul-
fate, no crystals formed with salt precipitating agents
similar to Sodium Formate, indicating that other salts
could not replace Formate. Also, the initial hit was likely
a salt solid rather than a crystal. The crystals grown by
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the Peg 3350 optimization produced needle-like crys-
tals initially. The crystals began to fragment, indicat-
ing that growing larger and well-ordered crystals with
similar salts may not be possible through optimization.
However, once the new condition, with Peg 3350, found
through additives was optimized, very large and inter-
nally-stable crystals formed.

The Peg 3350 condition with Zinc Sulfate and
LPRect231 has formed the largest, well-structured, and
birefringent crystals. Zinc Sulfate, although not the
main precipitating agent, was a necessary component
in growing the best crystals. Getting well-structured
crystals also strictly depended on the Zinc Sulfate con-
centration. We have found that crystals are able to grow
with other Zinc stock solutions, especially Zinc Acetate,
in addition to Zinc Sulfate, but we have not yet found
any crystals that will grow with Zinc Chloride although
multiple experiments were carried out with it.

The { protein did not grow any crystals with DNA,
however it was able to grow large, three-dimensional,
and very birefringent (when compared to LPRect231)
crystals without DNA [Fig. 11]. The recent B crystals
have shown no sign of diffraction, however they are still
being experimented on to grow them larger and no cap-
illary experiments have been carried out.

Efforts to grow new and better crystals with
LPRect231 and [ will continue. The next step would be
to try testing the protein DNA complexes with other
screening kits to get new hits to further optimize and
also try using more DNA lengths. More capillary exper-

Fig. 11. f177 protein crystals grown with Tris pH 7.5 and 2-Pro-
panol
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iments could be carried out to achieve higher quality
diffraction and optimizations with 177 could be car-
ried out.

In conclusion, we have made considerable prog-
ress in formation of crystals from RecT and { protein.
Finding these proteins’ structure will help in under-
standing the DNA repair mechanisms, which is crucial
for destroying cancerous cells.
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