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Abstract

Neisseria gonorrhoeae possesses a programmed recombination system that allows the bacteria to 

alter the major subunit of the type IV pilus, pilin or PilE. An alternate DNA structure known as a 

guanine quadruplex (G4) is required for pilin antigenic variation (pilin Av). The G-C base pairs 

within the G4 motif are required for pilin Av; but simple mutation of the loop bases does not affect 

pilin Av. We show that more substantial changes to the loops, both in size and nucleotide 

composition, with the core guanines unchanged, lowers or abrogates pilin Av. We investigated why 

these loop changes might influence the efficiency of pilin Av. RecA is a recombinase required for 

pilin Av that can bind the pilE G4 in vitro. RecA binds different G4 structures with altered loops 

with varied affinities. However, changes in RecA binding affinities to the loop mutants does not 

absolutely correlate with the pilin Av phenotypes. Interestingly, the yeast RecA ortholog, Rad51 

also binds the pilE G4 structure with a higher affinity than it binds single stranded DNA, 

suggesting that RecA G4 binding is conserved in eukaryotic orthologs. The thermal stability the 

pilE G4 structure and its loop mutants showed that the parental G4 structure had the highest 

melting temperature and melting temperature of the loop mutants correlated with the pilin Av 

phenotypes. These results suggest that folding kinetics and stability of G4 structures are important 

for the efficiency of pilin Av.
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Introduction

A guanine quadruplex (G4) is a non-B form of DNA formed using Hoogsteen base pairing 

from single stranded DNA1. A G4 motif requires at least four tracts of two or more 

guanines. Often there is at least one loop base between each tract but recent findings have 

indicated that this is not a rule2, 3. Each guanine interacts with two other guanines through 

Hoogsteen base pairing creating a negatively charged channel within the center of the tetrad 

that is stabilized by a cation4, 5. Duplexed DNA must first have the hydrogen bonds broken 

before G4 formation, and this can occur through the helicase activities necessary for 

transcription, replication, or changes in supercoiling6, 7. However, once G4 structures have 

formed, helicases must remove the structure before productive replication or transcription 

can proceed8. Interestingly, almost all genomes maintain G4 forming sequences where they 

are proposed to play specific roles in many molecular processes, including: telomere 

maintenance, oncogene transcriptional regulation, DNA replication, viral packaging, and 

recombination9–11.

Neisseria gonorrhoeae, the sole causative agent of gonorrhea, possesses a well-characterized 

system to avoid adaptive immune recognition utilizing DNA recombination to create 
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diversity. One of the surface exposed variable proteins, the Type IV pilus, varies through 

gene conversion of the pilE gene encoding the major pilus subunit, pilin or PilE12, 13. The 

Type IV pilus is required for colonization, and mediates DNA uptake during transformation, 

twitching motility, and protection from neutrophil-mediated killing14–18. During pilin Av, a 

portion of one or more donor silent copy sequences replaces part of the pilE gene in a non-

reciprocal, homologous recombination process19, 20.

The first protein found to be required for pilin Av was RecA21. This suggested that pilin Av 

relied on homologous recombination processes, but RecA functions in many recombination 

and repair pathways22. Subsequently, there were other factors involved in recombination 

and/or single stranded gap repair important for pilin Av. recO, recR and recG loss-of-

function mutants completely abrogate pilin Av23–25. Whereas, recQ, rep, and recJ mutants 

show reduced pilin Av frequencies, but still allow measurable frequencies and similar 

products (presumably due to redundant factors)24, 26–29. Pilin Av utilizes conserved common 

recombination and repair factors that process single stranded gap repair, but these factors can 

also function in double strand break repair30. The involvement of these proteins in pilin Av 

indicates part of the mechanism of pilin Av uses conserved recombination/repair factors, but 

much remains unknown.

A G4 motif upstream of the pilE gene is required for pilin Av31, 32. Eleven of the 13 G-C 

base pairs are each necessary for pilin Av since when mutated, they lead to a pilin Av 

deficient phenotype32. The other two G-C bp can substitute for each other but when both are 

mutated, there is no pilin Av. Single base mutations of the T-A bp that are in between the 

conserved G-C bp do not affect pilin Av, and these T bases are localized to the loops that are 

outside of the G4 structure (Figure 1)33.

Pilin Av also depends on the activity of a promoter located adjacent to the G4 forming 

sequence that initiates transcription within the G4 sequence resulting in a small, noncoding 

RNA that can only function in cis34. Transcription of the sRNA opens the DNA duplex and 

allows for formation of the G4 structure35. However, we are not sure how the pilE G4 

specifically functions to initiate pilin Av. Substitution of the G4 forming sequence with an I-

SceI cut does stimulate recombination in the area when cut with the I-SceI enzyme, but does 

not allow pilin Av29. Many researchers have determined the biochemical parameters of G4 

structures like folding, stability, and protein-binding partners11, 36–38. The pilE G4 sequence 

5’ to 3’ is GGGTGGGTTGGGTGGGG with the loop bases underlined. Interestingly, 

replacing the parental pilE G4 with a few different G4 motifs prevented pilin Av32. These 

alternate G4 motif also had four guanine triplets, but instead of the 1:2:1 configuration, the 

loops were two or three bases long. Therefore, we sought to understand how the G4 loop 

sequences might alter pilin Av.

Kuryavyi et al reported that RecA binds the pilE G4 with μmolar affinity and can stimulate 

strand exchange when a G4 structure is on a DNA substrate33. RecA is involved in both 

double strand break repair and single strand gap repair as it binds ssDNA resected from 

double strand breaks or single stranded gaps. Using the ssDNA as a template, it then 

searches for homology within double stranded genome to initiate repair by mediating strand 

exchange39. RecA and its homologs are ubiquitous in all domains of life40. Double strand 
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breaks or single stranded gaps can form from replication fork stalling at the G4 site22, 41. 

Since RecA has multiple roles in DNA recombination, in addition to G4 binding, it is 

unknown which of these functions are important during pilin Av.

In this study, we sought to understand the size and sequence requirements of G4 loops for 

productive pilin Av. We found that altering the pilE G4 loop size and composition lowered 

pilin Av frequencies. We determined whether these mutations altered the structure of these 

G4s using circular dichroism spectroscopy. We also determined the folding kinetics and 

stability of the different G4 structures. We tested the binding affinity of these G4 structures 

to RecA, and whether G4 RecA binding is conserved by substituting a eukaryotic RecA 

orthologue in the binding assays. Overall, these results suggest it is the biophysical 

properties of the pilE G4 that are most important for promoting normal levels of pilin Av.

Methods

N. gonorrhoeae Strains and Growth Conditions

Bacterial strains used in this study are derivatives of the FA1090 clinical isolate that was re-

isolated from a symptomatic, human-volunteer infection and carry a specific pilE 
sequence42. The E. coli strain DH5α was used for expression of mutant constructs in 

plasmid cloning vectors and grown on Luria-Bertani Broth. N. gonorrhoeae strains were 

maintained on GC medium base (Difco) plus Kellogg supplement I (22.2 mM glucose, 0.68 

mM glutamine, 0.45 mM cocarboxylase) and Kellogg supplement II (1.23 mM Fe(NO3)3)43. 

When noted, strains contain the modified recA gene, recA6, which places the endogenous 

gene under the control of the lac promoter, allowing for IPTG-dependent regulation of pilin 

Av44. Growth rate of strains were tested on solid media. At 22, 24, 26, and 28 hours, eight 

colonies from each strain were collected to determine the colony forming units per colony 

(Figure S1).

Strain construction

G4 loop mutants were constructed from synthetic gBlocks (Integrated DNA Technologies) 

(Table S1). The gBlocks were cut with PacI and inserted between the PacI and EcoRV cut 

sites of the pilE plasmid containing the region between USS2-pilArev232 and transformed 

into E. coli strain DH5α. Clones were confirmed by Sanger sequencing and transformed into 

FA1090 recA6 and Kan resistant colonies screened by sequencing to ensure proper 

recombination into the chromosome.

Pilus-dependent Colony Morphology Changes (PDCMC) Assay

The surrogate pilin Av assay was performed as previously described23. The strains were 

confirmed to have the same starting pilE sequence (1–81-S2) to allow comparison of 

frequencies between the strains42. Strains were grown from frozen stocks without IPTG and 

then a single colony was spread on GCB agar plates containing 1 mM IPTG. Ten fully 

piliated colonies were selected after 22 hrs of growth on solid media and the appearance of 

nonpiliated blebs scored every two hours for six hours,. Each bleb accounted for one point 

and four or more blebs was scored as a four.
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G4 folding

Oligonucleotides were folded at a concentration of 10 μM in 100 mM Tris pH 7.5 and 100 

mM KCl. DNA was incubated at 90°C for 10 min followed by slow cooling of 0.5°C every 

minute until 4°C is reached33.

Circular Dichroism measuring G4 structure

Circular dichroism (CD) spectroscopy: CD spectra were recorded at the Northwestern 

University Keck Biophysics Core Facility on a Jasco-815 CD spectrometer. Spectra were 

measured in a 1 mm path length quartz cuvette as an average of 3 scans over 200–400 nm, 

with scan rate of 100 nm m-1, a bandwidth of 2.0 nm, and response time of 2 s at room 

temperature. Each sample of 1 μM DNA was normalized by subtracting the scan of buffer 

solution33.

G4 folding and stability

DNA oligonucleotides with 5’ FAM and 3’ BHQ labels (IDT) were folded as described 

above. The unfolding reaction was performed with 0.25 μM folded G4, 10 mM LiPO4, and 1 

mM KCl45. The fluorescence was measured on the BioRad iQ5 starting at 5°C and 

increasing the temperature 0.5°C every minute to 90°C with fluorescence measurements 

every 1 min. The Tm50 was calculated by determining the range of each sample 

fluorescence, then dividing the range in half to identify the median. The temperature that 

matched the median fluorescence was designated the Tm50. Tm50 and the folding curves 

were then used to calculate the ΔH and ΔG for each G4 structure at 310K46.

Fluorescence Anisotropy

G4 binding affinities were measured as previously reported33. Briefly, concentrated stocks of 

E. coli RecA and RecA3 proteins, (gifts from Phoebe Rice, The University of Chicago), 

were serially diluted in DNA binding buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 1 mM 

MgCl2, 1 mM DTT, 10 μM ATPγS) with 10 nM FAM-labeled DNA in 50 μl in a 384 well 

plate and incubated at room temperature for 30 min. When indicated, 100 ng/ml Poly d[IC] 

was also added to the reaction47. The fluorescence anisotropy was measured on a Tecan 

plate reader at 490 nm excitation and 535 nm emission wavelengths. Apparent KD, together 

with standard error values, were calculated using the Graphpad Prism software version 8.

BioLayer Interferometry

RecA3 binding was also determined using the BLItz system (ForteBio). Streptavidin 

biosensors (ForteBio) were equilibrated in DNA binding buffer for 10 min. 3 μM 

Biotinylated G4 structures or ssDNA in 200 μl DNA binding buffer was loaded onto the 

biosensor for 120 seconds. For each binding curve, a baseline was performed for 30 seconds 

in DNA binding buffer, followed by association for 120 seconds (with different RecA3 

concentrations from 0.0039 μM to 1.5 μM), then dissociation for 120 seconds in DNA 

binding buffer. Dissociation constants were calculated using the BLItz software standard 1:1 

Langmuir model48.

Prister et al. Page 5

Biochemistry. Author manuscript; available in PMC 2021 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

Altering G4 loop sequences alters pilin Av frequencies

Cahoon et al reported that a few different G4 forming sequences did not function to promote 

pilin Av, suggesting that the pilE G4 sequence/structure has properties that allow it to 

function in pilin Av32. The pilE G4 sequence is unique in the strain FA1090 genome 

(GGGTGGGTTGGGTGGGG) (Figure 1A) and replacing this with the G4 motif from the 

ngo0816 locus (GGGTTTGGGGCGGGATCGGG) resulted in a pilin Av deficient 

phenotype (Avd)32. The pilE G4 sequence is conserved in all sequenced gonococcal strains 

and most Neisseria meningitidis strains32. We denote the alternate G4 motifs used in this 

study by the loop bases since the guanines are unchanged. For example, the parental G4 

motif is denoted T:TT:T and the ngo0816 G4 motif is represented as TTT:GC:ATC. For this 

study, all of the G4 loop variants tested retained three sets of four Gs, but the mutations were 

confined to the loop sequences, and mutant G4 sequence contains an A instead of a G in 

three of the four G tetrads and is used as a single stranded control (Figure 1C).

The effect of loop sequence changes on Pilin Av was tested using the surrogate pilin phase 

variation assay (PDCMC), which is very sensitive to changes in growth rate. The growth of 

the mutants on solid medium at the times the assay was conducted were the same (Figure 

S1). Interestingly, alterations to the G4 loop sequences did alter pilin Av frequencies (Figure 

2). Small changes to the loop sequences lowered pilin Av, such as the addition of one base, 

T:TT:AT, or changing the Ts to As, A:AA:A. Meanwhile larger insertions in the loops, such 

as AT:ATT:AT or TTT:GC:ATC totally abrogated measurable pilin Av (Figure 2). We 

conclude that the G4 loop sequences are important for pilin Av. Since all these mutants 

maintain the four guanine tetrads, we postulate that the size or composition of the loops 

alters the function of the G4 structure in pilin Av.

Altered G4 loops change how the G4 folds

We measured the ability of each oligonucleotide with different loop residues to adopt the 

parental G4 conformation using Circular Dichroism (CD) spectroscopy. CD Spectroscopy 

measures the absorbance of right-handed and left-handed circularly polarized light over a 

spectrum of wavelengths, and the absorbance characteristics have been determined for many 

secondary structures. G4s can fold into parallel or antiparallel structures depending on loop 

composition and other external factors such as buffer composition (Figure 1B and C)49. The 

structure of the pilE G4 has been determined by both CD Spectroscopy and NMR to be a 

parallel G433. We determined the G4 structure of the different FAM labeled motifs in the 

presence of 100 mM KCl. Parallel structures are indicated by a 260 nm peak whereas 

antiparallel structures display a peak at 290 nm50. All of the G4 loop mutants adopted 

parallel G4 structures with the exception of AT:ATT:AT and TTT:GC:ATC (Figure 3A). As a 

negative control, we observed no peaks when potassium was omitted, representing ssDNA 

(Figure 3A, orange line). The AT:ATT:AT oligonucleotide produced a CD spectra consistent 

with a mixed population of parallel and antiparallel G4s, as indicated by two lower peaks at 

both 260 nm and 290 nm51. The CD spectrum showed that the TTT:GC:ATC 

oligonucleotide mainly folded into a parallel structure, but the CD spectra was not as 

uniform as the spectra produced by the other oligonucleotides. The sequence for 
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TTT:GC:ATC also provides an additional G that could become one of the 12 Gs used in the 

quadruplex planes, leading to loop sequences of TTTG:C:ATC. This additional G could also 

cause a less uniform CD spectra. However, all of the oligonucleotides, including AT:ATT:AT 

and TTT:GC:ATC, could adopt a parallel structure when 50% ethanol was present during the 

folding process (Figure 3B)52. We found similar results with biotin labeled oligonucleotides 

showing that the fluorescence markers were not altering the folding properties (Figure 3C). 

These results match previous findings that smaller loop sequences preferentially fold into 

parallel structures, whereas larger loop sequences can fold into either parallel or antiparallel 

structures51, 53–55.

Alternate loop sequences change the G4 biophysical properties

It is well established in the literature that the loop nucleotides in a G4 forming sequence can 

influence the biophysical properties of G4 structures in vitro56. We measured the stability of 

the G4 structures using oligonucleotides that have a black hole quencher (BHQ) on the 3’ 

end and 5-Carboxyfluorescein (FAM) on the 5’ end. When the G4 motif folds into the G4 

structure, the BHQ reduces FAM fluorescence since the BHQ and FAM moieties are close to 

one another. Fluorescence increases when the G4 is unfolded and the FAM and BHQ 

become farther apart. At the start, we folded oligonucleotides into the G4 structure, and we 

measured unfolding as the rise in FAM fluorescence when we increased the temperature 

from 5°C to 90°C (Figure 4A). Using this melting curve, we calculated the temperature in 

which 50% of the oligonucleotides were unfolded (Tm50) to compare the stability of these 

different G4 structures. The parental pilE G4 structure (T:TT:T) produced in the highest 

Tm50 of 81.3°C (Figure 4B), corroborating previous studies that short T loops produce more 

stable G4 structures54. The intermediate loop mutant (T:TT:AT) still has relatively short 

loops, produced a Tm50 of 75.3°C. Although the A:AA:A G4 also has short loops, replacing 

the Ts with As produced a Tm of 66.7°C. These results are similar to previous work showing 

that thymines are the preferred loop base for highest stability57. Increasing loop length for 

substantially, decreased G4 stability, since the AT:ATT:AT and TTT:GC:ATC mutants had 

the lowest Tm50s of 56°C and 60.3°C, respectively (Figure 4B). These values correlated well 

with the pilin AV phenotypes (Figure 3B). G4 stability was tested using lower potassium 

concentrations that those found inside cells because high potassium levels lead to the folding 

of all G4 nucleotides at all temperatures. Within the bacteria, the DNA is double stranded 

until transcription opens the duplex and G4 folding can occur.

Alternate G4 loop structures bind RecA with different affinities

RecA is an essential protein for pilin Av21 and binds the pilE G4 structure with biologically 

relevant affinity in vitro33. We do not know whether the role of RecA in pilin Av is to 

interact with the G4 structure, to promote stand exchange, or both. Stohl et al. reported that 

E. coli RecA can function in pilin Av58. Therefore, we used E. coli RecA to test whether 

there is differential RecA binding to G4 structures with different loops. Kuryavyi predicted 

that RecA binds the pilE G4 using 3D structure modeling.33. However, RecA does not bind 

G4 structures with large loops or four tetrads instead of three with measurable affinity33. We 

sought to determine whether RecA binds with different affinities to the G4 structures with 

altered loop nucleotides, and whether this could explain the pilin Av phenotypes seen with 

the altered G4 loop mutations.
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We initially determined RecA binding using fluorescence anisotropy with FAM-labeled G4 

oligos folded in 100 mM KCl and 100 mM Tris. Fluorescence anisotropy measures the 

fluorescence intensity along two different axes, and the ratio represents the rotation of the 

molecule. We calculated disassociation constant equilibriums (KD) using Hill Slopes, and 

how well the data fits to a normal Hill slope is reported as the R2 value. Since purified RecA 

is known to form heterogeneous filaments in the absence of DNA59, the various sized 

oligomers of RecA would make calculating true KDs difficult. Therefore, we used an 

engineered variant of RecA, RecA3, which is a trimeric form of RecA with the N terminus 

removed and 3 amino acid substitutions in the C-terminus that cannot polymerize and 

remains monomeric60. The KD of RecA3 binding to the pilE G4 was 14.1 nM and the 

AT:TT:T G4 had a similar KD at 16.6 nM. A:AA:A had a much larger KD of 119 nM, 

although the fit to the curve was not as good (Table 1). The AT:ATT:AT G4 also had a higher 

KD of 77.5 nM and the TTT:GC:ATC loop mutant had a KD of 47.8 nM. Finally, the single 

stranded DNA control had a KD of 123 nM.

In order to verify that the KDs calculated were due to specific binding of the G4 to RecA3 

and not nonspecific binding, we also performed the anisotropy experiments in the presence 

of the nonspecific inhibitor47. With poly[d(I-C)] the KDs did slightly increase, but the 

relative affinities between G4 loop mutants were similar (Table 1). The pilE G4 has the 

lowest KD of 22.0 nM, AT:TT:T has a slightly higher KD at 25.5, A:AA:A showed a a KD of 

84.2 nM and the AT:ATT:AT and TTT:GC:ATC structures bound to RecA3 with affinities of 

100 and 62 nM, respectively. The single stranded DNA control had the highest KD of 140 

nM.

We confirmed the measured binding affinities using Biolayer Interferometry61, which is a 

similar technique to surface plasmon resonance. We used biotinylated G4 oligonucleotides 

bound to a streptavidin biosensor as the substrate, and measured the association and 

disassociation rates for RecA3 binding to the G4 structures. Similar to fluorescence 

anisotropy measurements, the Parental sequence, T:TT:T, had the lowest apparent KD of 

35.1 nM. The KD of T:TT:AT was 49.2 nM and A:AA:A was 114 nM. The G4 structures 

with the largest loops, AT:ATT:AT and TTT:GC:AT, had the highest KD of 366 and 485 nM, 

respectively (Table 2). The G4 mutant also had a high KD of 291 nM. These apparent KDs 

follow the same trend as those calculated using fluorescence anisotropy, but with some 

minor quantitative differences.

RecA- G4 binding is a conserved property

Finally, we asked whether a eukaryotic RecA ortholog can also bind the pilE G4 structure. 

Orthologues of RecA, are found among all domains of life and they all maintain similar 

functions in various cell types22. Rad51, the main homolog from Saccharomyces cerevisiae, 
only has a 13.7% amino acid identity with E. coli RecA but catalyzes similar reactions62. We 

measured the KD of the E. coli RecA oligomer to the parental G4 structure to be 101 ± 2 

nM, using fluorescence anisotropy. The yRad51 oligomer bound the pilE G4 in the same 

conditions with a KD of 258 ± 24 nM (Figure 5). We were unable to calculate the binding of 

yRad51 to ssDNA since this was minimal even at high protein concentrations. These results 

recapitulate previous findings that yRad51 has been shown to bind less well to ssDNA 
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compared with E. coli RecA63. Although these proteins have low protein homology, both 

RecA and yRad51 bind the pilE G4 structure, showing that G4 binding as a conserved 

interaction in different domains of life.

Discussion

We investigated how G4 loop sequence alterations might alter pilin Av. All the mutant G4 

forming sequences studied could adopt G4 structures, but some G4 loop mutants resulted in 

lower pilin Av frequencies than the parent (i.e., T:TT:AT and A:AA:A) and two loop 

mutants totally abrogated pilin Av (i.e., AT:ATT:AT and TTT:GC:ATC). These results 

confirm the idea that the pilE G4 loops are important during pilin Av, independent of the 

core G4 structure. We therefore conducted in vitro studies to determine what G4 properties 

might correlate with the biological effect of these loop mutants. The G4 stability data most 

closely correlated with the pilin Av phenotypes. The most stable G4 structure, is T:TT:T, the 

sequences that produce intermediate levels of pilin Av have lower stability (T:TT:AT and 

A:AA:A), and the G4 structures cannot support pilin Av are the least stable (AT:ATT:AT and 

TTT:GT:ATC). The effect of loop mutations on RecA binding was also determined. The 

parental G4 motif was bound by the RecA3 construct (that cannot oligomerize) with the 

highest affinity as determined by two different methods of measuring protein binding. 

However, by both methods the loop mutant, T:TT:AT, had a very similar RecA binding 

affinity to the pilE G4 structure, T:TT:T, but when this mutant is present in the genome, pilin 

Av was significantly reduced. Therefore, we conclude that G4 structure folding kinetics and 

stability dictate the Av phenotypes.

G4 stabilizing drugs produced differences in Saccharomyces cerevisiae genomic instability 

depending on different G4 structures stability, and mutation of G4 unwinding helicases 

increased this genomic instability55. Longer loops did not incur the same level of instability, 

and pyrimidines in the loops often caused increased stability in comparison to purine loop 

bases. In addition, increased G4 stability was found to result in decreased transcription when 

the G4 was in the promoter region of a reporter gene64. Similarly, since we hypothesize that 

the G4 may induce genomic instability by stalling DNA replication. Increased G4 stability 

would result increased in a higher probability of the replication fork stalling at the G4 and 

the initiation of pilin Av. Understanding the constraints and requirements for G4s during 

their biological roles will help the G4 biology field better understand how G4s function in 

many different systems. Currently, many G4 studies only predict G4 forming sequences but 

cannot test the biological roles of G4 formation. These results indicate that although all G4 

motifs tested are fairly simple for G4 motifs65, and can fold into a quadruplex structure, only 

some could function the biological context of pilin Av.

Using the non-polymerizing RecA3, we measured the binding affinities to our different G4 

structures that resulted from an accurate measure of monomeric protein concentration. Not 

surprisingly, these values are different than those we previously reported for the binding of 

oligomeric RecA to the pilE G4 structure (apparent KD = 0.88 μM) since we could not 

provide an accurate measure of RecA protein concentration due to the oligomeric nature of 

the native protein33. The binding affinities of RecA3 for the parental G4 (T:TT:T) and the 

loop mutant T:TT:AT were very similar with fluorescence anisotropy and only 14 nM 
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different as measured by biolayer interferometry. The G4 loop mutant A:AA:A has an 

intermediate pilin Av phenotype, but is bound by RecA poorly compared to the other G4 

structures with a KD of 119 nM. The G4 structures that abrogate pilin Av also had the lower 

binding affinities. Moreover, we blocked nonspecific binding in our fluorescence anisotropy 

measurements with poly[d(I-C)] and found most of our affinities were similar, but a little 

higher suggesting there was some competition between the G4s and the nonspecific 

inhibitor. The KDs of Parental T:TT:T and T:TT:AT only increased by ~10 nM whereas the 

AT:ATT:AT and TTT:GC:ATC increased further, indicating the previous KD included a 

higher portion of nonspecific binding. Strangely, the KD of RecA3 for A:AA:A with a 

competitor decreased from the previously recorded KD, however, the KD calculated without 

the nonspecific inhibitor had a large standard error and did not fit the curve well, so this 

value most likely less accurate. Alternately, poly[d(I-C)] could block nonspecific binding 

involving T loops and but less so with A loops, although we consider this hypothesis 

unlikely.

We confirmed the G4-RecA3 binding parameters using Biolayer Interferometry. The KD for 

the parental G4 structure was similar to that calculated using fluorescence anisotropy and the 

lowest value of 35.1 nM. The KD of T:TT:AT was once again similar to the parental KD at 

49 nM. The KDs calculated for the other G4 structures were higher than those determined by 

fluorescence anisotropy. These differences in measured affinities might be due to the 

difference in the binding conditions between the two experiments. Fluorescence anisotropy 

measures protein and DNA binding in solution, while Biolayer interferometry measures the 

binding of soluble protein to a surface bound DNA. This difference in orientation might 

change the accessibility of the DNA from the RecA3 protein. We think the DNA in a 

bacterial cell will be somewhere in between these states. Despite these differences, the 

trends between the apparent KDs for the loop mutants are the same as calculated using 

anisotropy. The largest G4 loop sequences display the highest KD and A:AA:A G4 

structures has intermediate affinities. Since the parental G4 structure is bound with a similar 

affinity as T:TT:AT in both binding experiments, the differences in RecA binding do not 

explain the pilin Av phenotypes of the loop mutants. RecA binding may still be an important 

feature in the process of pilin Av, but we will have to test this hypothesis using other 

methods.

In addition to its role in pilin Av, RecA-G4 binding may be important for many biological 

systems. We show that the yeast RecA orthologue, Rad51, also binds the pilE G4, albeit with 

lower affinity. G4 binding by Rad51 orthologues of many organisms may play a role in G4-

mediated processes. It will be interesting to determine whether Rad51-G4 interactions play 

positive roles in eukaryotic cell biology.

Since the G4 structure forms on the opposite strand from the gar sRNA and is on the lagging 

strand of replication34, 35, we conclude that G4 folding kinetics and stability are a critical 

characteristic for efficient pilin Av in FA1090. The pilE G4 structure would fold more 

quickly and its stability would allow it to form before helicases could unwind it and this 

stable structure may resist the action of some helicases. We cannot rule out a role for RecA 

recruitment to stalled replication forks independent of the G4 structure. In E. coli, when the 

replication machinery stalls at an impediment (such as a G4), RecA is rapidly recruited to 
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the complex and loaded onto the DNA in a RecOR dependent manner66. Regardless, this 

work points out the important fact that not all G4 forming sequences will have the same 

roles in modulating biological processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
G4 forming sequences and structure

A. The pilE G4 sequence. All essential G-C base pairs are highlighted in yellow. The two G-

C base pairs (grey) both must be mutated for a complete loss of function32.

B. The pilE G4 motif folds into a parallel G4 structure as determined by NMR33. The 

structure contains three planes of four guanines each. Parallel quadruplex structures have 

loops that connect the bottom guanine plane to the top plane with the loops on the sides. The 

loops do not extend above and below the three guanine planes.

C. All G4 forming sequences used in this study

Prister et al. Page 15

Biochemistry. Author manuscript; available in PMC 2021 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
G4 loop mutants show varying pilin Av frequencies

The PDCMC assay was performed on strains with different G4 motifs as indicated by the 

legend. All strains have the regulatable recA allele (recA6) with the addition of 1 mM IPTG 

these strains show normal levels of pilin Av (recA+), while without IPTG they are pilin Av 

deficient nt (recA−). The assays were performed in biological triplicates and the average and 

standard deviation are graphed. At the last time point, all G4 motifs are significantly reduced 

compared to parent (T:TT:T recA+) with T:TT:AT with a p<0.05 and all others with a 

p<0.01 by the Student’s T-test.

Prister et al. Page 16

Biochemistry. Author manuscript; available in PMC 2021 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: 
Conformation of G4 structures determined by CD spectroscopy

A. The CD spectra for each FAM labeled G4 structure after folding in 100 mM Tris and 100 

KCl are shown. The CD spectrum of a single stranded oligonucleotide is shown for 

comparison (orange traces). CD Spectra were determined in triplicate for each 

oligonucleotide and one representative image is shown (mdeg=millidegree).

B. CD spectra of each FAM labeled oligonucleotide after folding in the presence of 50% 

ethanol and 100 mM KCl and 100 mM Tris. G4 structure was measured in duplicate and one 

representative spectra is shown.

C. CD spectra of each oligonucleotide with a Biotin label is shown. G4 structure was 

measured in duplicate and one representative spectra is shown.
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Figure 4: 
G4 stability determined by G4 unfolding.

A. G4 stability was determined in a 1 mM KCl solution by determining by measuring the 

temperature of G4 unfolding using the change of fluorescence from a 5’ FAM and 3’ BHQ 

labeled oligonucleotide. Fluorescence was measured over a temperature range of 5°C to 

90°C, with imaging every 30 seconds. There is a slight decrease in fluorescence for all 

samples around 20°C. This could be due to an unstable alternate structure with a lower 

melting temperature. The average of three experiments is shown.

B. Comparison of Av phenotype and calculated G4 structure stability. The phenotypes from 

the PDCMC assay, normal pilin Av (Av), intermediate pilin Av (Avi) or pilin Av deficient 

(Avd) (Figure 2). The temperature when the samples reach 50% fluorescence was 

determined from the curves in part A in triplicate and Standard Deviation from three 

replicates is noted and the calculated ΔH and ΔG values for each structure.
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Figure 5. 
Yeast Rad51 binds the pilE G4

G4 binding was determined by fluorescence anisotropy. The average of three replicates is 

graphed with standard deviation. The binding curve was used to determine the affinity of 

yRad51 to Parental G4 as 258 ± 23.7 nM. yRad51 was a generous gift from Patrick Sung.
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Table 1.

RecA3 binding to G4 oligonucleotides

Without Poly[d(I-C)] With Poly[d(I-C)]

Av RecA3 KD (nM) ± SE (nM) R2 curve RecA3 KD (nM) ± SE (nM) R2 curve

Parental T:TT:T Av 14.1 0.3 0.99 22.0 1.1 0.99

T:TT:AT Avi 16.6 0.5 0.98 25.5 1 0.99

A:AA:A Avi 119 24 0.96 84.2 15.6 0.98

AT:ATT:AT Avd 77.5 3.9 0.99 101 8 0.99

TTT:GC:ATC Avd 47.8 1.6 0.99 62.2 4.3 0.99

G4 Mutant Avd 123 15 0.97 140 34 0.93

The pilin Av phenotype is shown for comparison (Figure 2 and Figure 4). At least twenty-four different concentrations of purified RecA3 (a 
generous gift from Phoebe Rice) were added to 10 nM of each G4 oligo. Binding curves for each G4 structure were determined using Prism’s 
Specific Binding with Hill Slope by fitting points to the curve (Figure S2 and S3), each point was repeated in triplicate. The KD and standard error 

of the KD is presented as calculated by the program. The KDs were also calculated in the presence of 100 ug/ml Poly[d(I-C)] to reduce any non-

specific binding by RecA3 to each G4 structure. The R2 represents how well the data fit to the standard Hill slope binding curve. KD = 

disassociation constant SE= standard error.
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Table 2.

RecA3 G4 binding by Biolayer Interferometry

KD (nM) Ka (1/Ms) x104 Ka Error (1/Ms) x104 Kd (1/s) X10−3 Kd error (1/s) x10−3

Parental T:TT:T 35.1 12.3 0.4 4.30 0.14

T:TT:AT 49.2 10.3 0.3 5.02 0.15

A:AA:A 114 8.88 0.54 10.1 1.0

AT:ATT:AT 366 1.79 0.11 6.53 0.25

TTT:GC:ATC 485 1.95 0.23 9.43 0.59

G4 Mutant 291 3.32 0.38 9.65 0.56

KD was determined by determining the binding kinetics using between six and eight different RecA3 concentrations and analyzing the KD using 

the global fitting analysis to binding curves (Figure S4). At least three protein concentrations were analyzed above and below the apparent KD for 

each sample. Ka= association rate, Kd = disassociation rate, KD = disassociation constant
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