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Abstract 

Francisella tularensis is one of the most infectious bacteria known and is the 

etiologic agent of tularemia. Francisella virulence arises from a 33 kilobase pathogenicity 

island (FPI) that is regulated by the macrophage growth locus protein A (MglA), the 

stringent starvation protein A (SspA) and the pathogenicity island gene regulator (PigR). 

MglA•SspA•PigR interacts with the RNA polymerase (RNAP) to activate FPI 

transcription. The activity of MglA•SspA•PigR•RNAP is mediated by ppGpp, the 

alarmone of the stringent response. However, the molecular mechanisms involved in 

FPI transcriptional regulation are not well understood. 

While most bacterial SspA proteins interact with the RNAP as a homodimer, F. 

tularensis SspA forms a heterodimer with MglA, which is unique to F. tularensis. To gain 

insight into MglA function, we performed structural and biochemical studies. The MglA 

structure revealed that it contains a fold similar to the SspA protein family, and 

unexpectedly formed a homodimer in the crystal. Chemical crosslinking and size 

exclusion chromatography (SEC) studies showed that, while it can self-associate in 

solution to form a dimer, MglA preferentially forms a heterodimer with SspA. As 

research with MglA highlighted that MglA•SspA is likely the only functional SspA 

protein in Francisella, X-ray crystallography was used to determine the structure of 

MglA•SspA to 2.65 Å. Analysis of the MglA•SspA structure revealed a vast hydrogen 
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bond network at the interface that is significantly larger than the network at the MglA 

homodimerization interface. This difference could explain why MglA and SspA form a 

stable heterodimer and MglA (in the absence of SspA) forms a transient homodimer. 

To gain insight into the molecular mechanism by which ppGpp mediates FPI 

transcription, differential radial capillary action of ligand assay (DRaCALA) was 

performed to determine which Francisella protein binds ppGpp. The DRaCALA 

experiments revealed that the MglA•SspA complex binds ppGpp specifically and with 

high affinity, while PigR, MglA and E. coli SspA do not. To characterize this interaction 

the structure of MglA•SspA was determined in complex with ppGpp 

(MglA•SspA•ppGpp) to 2.8 Å resolution, and revealed a single ppGpp molecule, which 

is also coordinated by Mg2+, bound per heterodimer. Analysis of structure-guided 

MglA•SspA ppGpp-binding mutants by DRaCALA confirmed the crystallographic 

binding site of ppGpp. Intriguingly, the binding of ppGpp does not produce a marked 

conformational change in MglA•SspA, but as the ppGpp-binding site overlaps with the 

previously ascribed PigR interaction surface it seems likely that ppGpp mediates the 

interaction between MglA•SspA and PigR.  

The interaction between PigR and MglA•SspA is largely uncharacterized. Using 

fluorescence anisotropy we sought to determine which portion of PigR is responsible for 

interactions with MglA•SspA. Using fluoresceinated PigR peptides we determined that 

the final 22 residues of the PigR C-terminus interact with MglA•SspA. These results 
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were corroborated using bridge-hybrid experiments by our collaborators. Further, as FA 

performed with and without ppGpp shows no difference in affinity between 

MglA•SspA and PigR, ppGpp must mediate this interaction through an as of yet 

undetermined mechanism, which is supported by very different millipolarization values 

indicating perhaps alternative binding modes of PigR. 

All together, our results contribute significantly to our understanding of FPI 

transcriptional regulation. 
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1. Introduction 

1.1 Francisella tularensis: a pathogenic bacteria 

Francisella tularensis is a facultative, Gram-negative bacterium and is the 

causative agent of tularemia. This zoonotic pathogen can infect mammals, amphibians, 

fish, arthropods and insects (1). Francisella can also be aerosolized and requires as few as 

10 organisms to initiate infection, and can survive in water, wet soil and animal 

carcasses for long periods (2-5). Transmission to humans generally occurs through bites 

from infected insects, but can also occur by breathing in airborne bacteria, or by 

ingesting contaminated water or food. Its ability to infect a wide range of hosts, its 

multiple routes to infection, and high infectivity and mortality, have placed F. tularensis 

as one of six category A or tier 1 bioterrorism agents (6-9). 

The intracellular life cycle of Francisella is unusual amongst Gram-negative 

bacteria and has been reviewed in detail by many groups (2,4,6,9-13). Briefly, Francisella 

enters the host through interactions with cell surface receptors, such as the complement 

receptor CR3 or the mannose receptor (MR) (Figure 1A). The route by which Francisella 

enters the cell, or which receptor triggers uptake, dramatically changes the fate of 

Francisella while it is in the host (2,10,12). Once inside the host, Francisella is enclosed in a 

unique pseudopod loop which traffics to an early phagosome or the Francisella 

containing phagosome (FCP). Inside the FCP, Francisella evades host defenses; Francisella 

inhibits the NADPH oxidase to prevent the generation of reactive oxygen species (ROS), 
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is impervious to antimicrobial peptides (AMPs) and evades detection by toll like 

receptor (TLR) 4, and can withstand the acidification of the phagosome (Figure 1A 

inset). As the FCP never matures to a phagolysosome, Francisella likely prevents the 

maturation of the FCP. Francisella ultimately escapes the FCP through an unknown 

mechanism to enter the cytosol where it replicates rapidly. Interestingly, the speed with 

which Francisella escapes the FCP directly relates to the route through which Francisella 

entered the macrophage. Once sufficient titer is reached, Francisella induces host cell 

death to escape the host and infect other cells. In summary, Francisella must evade host 

defenses at the point of cell entry, inside the phagosome and in the cytosol, and, during 

these processes, withstands a diverse range of environments. In order to survive these 

challenges, Francisella requires tightly regulated expression of its pathogenicity genes to 

ensure they are expressed at the correct time. 

F. tularensis possesses a single pathogenicity island, the Francisella pathogenicity 

island (FPI). The FPI is required for virulence and is present in two copies in the more 

virulent Francisella strains, subspecies tularensis and subspecies holarctica (9,11,14-16). 

The FPI encodes 16-19 genes, and is composed of two overlapping operons, the 

pdpDiglABCD operon and the pdpA operon (Figure 1B). In the FPI iglA, iglB, iglD, 

pdpE/hcp, and iglF/clpV, vgrG, and pdpB/icmF have homology to Type VI secretion system 

(T6SS) genes in V. cholerae and P. aeruginosa. While Francisella encodes several T6SS 

component proteins, several key components – like kinase and phosphatase genes ppkA 



 

 3 

and pppA – are missing, and the T6SS proteins ClpV, PdpB and VgrG are truncated in 

Francisella (17). Due to discrepancies with known T6SSs, the FPI is believed to encode an 

atypical T6SS (11,16-18). The observed secretion of FPI proteins VgrG, IglI and IglC from 

host macrophages provided evidence of an intact secretion system (17,19), and recent 

work provides further evidence of FPI protein IglC secretion and has indicated that FPI 

proteins VgrG and PdpA are secreted structural components of the T6SS, facilitating 

core function (20). Further, FPI proteins PdpC and PdpD, and non-FPI proteins OpiA, 

Opi-B-1 and OpiB-3 appear to be secreted effector proteins (20). Of these effector 

proteins, however, only PdpC shows significant contributions to virulence, as ∆pdpC 

Francisella is attenuated in intramacrophage growth (20,21). 

FPI transcription is affected by environmental signals such as temperature 

changes, iron limitation, oxidative stress, and starvation, but is independent to 

phagosomal acidification (7,22). While specific mechanisms of transcriptional regulation 

are unclear, we know the FPI is induced upon entry into the macrophage (22). Further, 

several FPI genes are involved in phagosomal escape: iglC and iglD, pdpA, iglI and iglJ, 

vgrG and dotU (6). Ultimately, the FPI is critical to Francisella virulence, and, as a diverse 

range of environmental stimuli affect FPI induction, a system of transcriptional 

regulation must exist to allow for the induction of particular genes in response to a 

specific signal. 
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Figure 1. Intracellular life cycle and virulence gene regulation of F. tularensis. 

A) Francisella enters the host through induction of spacious pseudopod loops after 
interacting with host membrane receptors. Once inside the cell, Francisella is trafficked to 
the early phagosome. Inside the phagosome it evades and withstands a multitude of 
host defenses in addition to the phagosomal environment (shown in insert). Francisella 
escapes the phagosome to replicate in the cytosol, and escapes the host cell through 
induction of the death of the host. (Figure from (2)) B) Virulence regulators in Francisella. 
MglA•SspA•PigR interacts with the RNAP to regulate FPI gene and non-FPI gene 
transcription. The MglA•SspA•PigR complex, MigR and ppGpp are required for pigR 
transcription. ppGpp, produced in times of stress and starvation during the stringent 
response, promotes the interaction between MglA•SspA and PigR. Hfq acts as a 
repressor for FPI and non-FPI genes. FPI genes shown in white have sequence similarity 
to Type VI Secretion System proteins in V. cholerae and P. aeruginosa. (Figure adapted 
from (11)) 
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The stringent response, alongside a handful of proteins, has been implicated in 

the regulation of the FPI: MglA (macrophage growth locus A), SspA (stringent 

starvation protein A), PigR (pathogenicity island gene regulator or FevR), MigR 

(macrophage intracellular growth regulator) and Hfq (Figure 1B). While MglA, SspA 

and PigR are believed to regulate the induction of the FPI in concert (23,24), MigR 

appears to directly regulate PigR transcription (8,25), and Hfq functions independently 

to the other regulators as a general gene repressor at the post-transcriptional level 

(Figure 1B) (26,27). The alarmone of the stringent response, ppGpp, appears to modulate 

the activity of gene regulation by MglA, SspA and PigR (23). The response regulator 

PmrA was originally identified as an FPI regulator and was believed to interact with 

MglA•SspA (28,29). However, a recent study shows that PmrA does not regulate the 

FPI, nor does it colocalize with MglA•SspA at Francisella promoters (30). Instead, PmrA 

promotes intramacrophage growth by downregulating priM, an antivirulence-factor that 

prevents intramacrophage growth and survival of F. tularensis (30). 

Our work focuses on understanding FPI transcriptional regulation by MglA, 

SspA and PigR and the role of ppGpp in mediating FPI transcription. 

1.2 The stringent response 

Bacteria have fine-tuned mechanisms to adapt to environmental stresses and 

starvation. When stressed or starved, bacteria must synthesize proteins that allow them 

to respond to the challenge and stop the synthesis of proteins that are no longer required 
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(Figure 2A). The resulting transcriptional profile change represents the stringent 

response. In E. coli, over one thousand genes are differentially regulated in response to 

isoleucine starvation, roughly half of these genes are induced and half are down-

regulated (31). Induced genes are generally involved in metabolism and stress 

responses, while the down-regulated genes are usually involved in housekeeping 

processes such as the translational apparatus (Figure 2A). The stringent response is 

driven by the small molecule and alarmone, ppGpp, which, here, collectively refers to 

guanosine tetraphosphate (ppGpp) and guanosine pentaphosphate (pppGpp). 

The synthetic machinery for ppGpp is comprised of the enzymes RelA and SpoT. 

RelA and SpoT transfer a pyrophosphate moiety from ATP to the 3’ hydroxyl position of 

GDP/GTP to produce ppGpp (Figure 2B) (32,33). While RelA is a monofunctional 

synthetase, SpoT is able to both synthesize ppGpp and hydrolyze ppGpp into GDP/GTP 

and pyrophosphate. RelA and SpoT act as independent intracellar sensors for different 

stress or starvation conditions. Specifically, RelA detects amino acid shortages through 

recognition of a stalled ribosomal complex. When RelA detects the stalled translational 

machinery it rapidly produces ppGpp to initiate the stringent response (32,33). SpoT, 

alternatively, senses fatty acid shortages through interactions with the acyl carrier 

protein (ACP), an essential cofactor in fatty acid metabolism (34). Recognition of ACP by 

SpoT could also provide a means for SpoT to detect glucose starvation. Ultimately, 

during the stringent response ppGpp concentrations rise to very high levels with reports 
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of 50 µM to millimolar concentrations (33,35). SpoT is critical for ending the stringent 

response. When the bacteria are no longer in danger of starvation or environmental 

hazards, SpoT ends the stringent response by depleting ppGpp concentrations through 

hydrolysis. In V. cholerae, the conserved bacterial G protein CgtA (also known as Obg) 

regulates SpoT activity by interacting directly with SpoT to inhibit ppGpp synthesis or 

promote ppGpp hydrolysis (36). CgtA/Obg is known to specifically recognize GTP/GDP 

(37,38), and may initiate the end of the stringent response by activating SpoT hydrolysis 

when it detects a nutrient-rich environment. 

The stringent response is carried out by direct and indirect interactions of ppGpp 

and its protein partner DksA (DnaK suppressor) with the RNA polymerase (RNAP). 

Both ppGpp and DksA can bind directly to RNAP. Biochemical and structural studies 

have revealed that ppGpp binds to RNAP on the edge of the interface between the βʹ 

and ω subunits (39-41). Interactions between RNAP and ppGpp restrict the opening of 

the RNAP cleft, and slow the ratcheting dynamics of RNAP, resulting in a destabilized 

transcription initiation complex. Alternatively, DksA is believed to affect transcription 

by extending a coiled coil domain directly into the regulatory ‘secondary’ channel of 

RNAP (33). The stringent response through these mechanisms affects transcription at 

rRNA and amino acid biosynthesis promoters. rRNA promoters contain a GC-rich 

discriminatory sequence between the -10 element and the start site that, even under 

normal conditions, forms an unstable open complex with RNAP. During the stringent 
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response, this open complex is further destabilized through interactions between RNAP 

and ppGpp/DksA. Amino acid biosynthesis promoters form more stable open 

complexes, and ppGpp and DksA increase the initiation of transcription at these 

promoters by increasing the rate of formation for these open complexes (42). Thus, in the 

stringent response, ppGpp and DksA directly interact with the RNAP to disturb 

transcription of rRNA promoters and increase transcription of amino acid promoters. 

Indirect regulation of transcription by ppGpp and DksA is also referred to as σ-

factor competition (Figure 2B). Here, ppGpp and DksA inhibit binding of RNAP to σ70-

promoters by destabilizing the RNAP•σ70 complex or by making σ70 less competitive. 

RNAP is then free to interact with alternative σ-factors, which accumulate in response to 

specific stresses. This allows for specific up-regulation of genes that allow the bacteria to 

cope with environmental stresses or starvation, while decreasing transcription of 

housekeeping genes involved in protein, lipid, RNA and DNA synthesis (Figure 2A). 
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Figure 2. The stringent response. 

A) Isoleucine starvation in E. coli results in a dramatic transcriptional change for a 
number of genes. Specifically, upregulation of genes involved in RpoS-dependent 
general stress response and downregulation of genes involved in the translational 
apparatus are observed. E. coli deficient in ppGpp (ppGpp0) show a markedly different 
transcriptional profile. (Figure from (31)) B) Depiction of indirect gene regulation or σ-
factor competition of the stringent response. The alarmone ppGpp is synthesized by 
RelA and SpoT from GTP/GDP and ATP in response to starvation or stress. Increased 
concentrations of ppGpp result in an altered transcriptional profile, as ppGpp alongside 
DksA (DnaK suppressor) redirect RNAP from the housekeeping σ70 towards alternative 
σ-factors (σ*). RNAP in complex with alternative σ-factors results in recognition of 
promoters for stress resistance and virulence genes, the transcription of which allow the 
organism to withstand stress and starvation. (Figure from (32)) 
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Alternatively, ppGpp can operate independently of DksA or its direct interaction 

with the RNAP (32,43). In S. typhimurium, PhoPQ, a two-component system that 

regulates virulence, is activated by environmental signals (32,43). PhoQ, a histidine 

kinase, is activated following phagocytosis in response to low Mg2+ concentrations, 

cationic AMPs and acidic pH, to phosphorylate the cytosolic response regulator PhoP. 

Activated PhoP induces transcription of slyA. PhoP and SlyA, together, through 

recognition of the Pho-box and the Sly-box, respectively, activate transcription of 

Salmonella pathogenicity island 2 (SPI2). SlyA only interacts with the Sly-box in its target 

promoters as a dimer, but requires ppGpp to dimerize (44). Thus, increased 

concentrations of ppGpp result in the upregulation of the SPI2, independent of DksA or 

interactions with the RNAP. 

The stringent response allows bacterial survival in adverse conditions. Through 

multiple mechanisms, the stringent response enables bacteria to adapt to their 

environment. Significantly, the stringent response has been linked to virulence in a 

number of organisms: Enterohemorrhagic E. coli, Uropathogenic E. coli, S. flexnieri, P. 

aeruginosa, Y. pestis, V. cholerae, S. enterica, L. pneumophila, F. tularensis, M. tuberculosis, L. 

monocytogenes, E. faecalis, S. pyogenes, S. pneumonia, S. mutans, Brucella spp., C. jejuni, H. 

pylori, and B. burgdoferi (43). 
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1.2.1 The stringent response in Francisella 

The stringent response is critical for the virulence of F. tularensis and affects the 

transcription of over 100 genes (ΔrelA ΔspoT in Figure 3C) (23,45). However, the 

mechanisms of the stringent response appear to be unique in Francisella. While ppGpp 

affects gene transcription in most organisms in concert with DksA, there is no known 

DksA protein in Francisella. Additionally, Francisella only encodes two σ-factors, the 

general housekeeping σ-factor, σ70 or RpoD, and the heat shock σ-factor, σ32 or RpoH 

(46). A stringent response null mutant (∆relA ∆spoT) displays a dramatic transcriptional 

profile change, but, interestingly, affected genes have σ70-specifc promoters rather than 

σ32-specific promoters (23,24). Thus, while most organisms appear to employ some form 

of σ-factor competition, Francisella lacks alternative σ-factors to compete with σ70. 

Instead, the stringent response appears to be driven by the σ70-containing RNAP 

holoenzyme. 

Francisella employs the stringent response in order to survive in harsh 

environments and inside host macrophages. Because of the absence of DksA or 

alternative σ-factors, it seems likely that a system similar to SlyA, where ppGpp directly 

modulates the activity of a protein or protein complex, is employed in Francisella. 

However, much work is required to illuminate the mechanisms through which ppGpp 

triggers the Francisella stringent response. 
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Figure 3. Evidence for the MglA•SspA•PigR•RNAP complex and a role for 
ppGpp. 

A) RNAP interacts with MglA•SspA. MglA-TAP pulls down SspA and RNAP from Ft 
lysate. RNAP-TAP pulls down MglA and SspA from Ft lysate. (Figure from (47)) B) The 
interaction between MglA and RNAP requires SspA. MglA-TAP fails to pull down 
RNAP from solution when no SspA is expressed (Figure from (47)). C) MglA, SspA or 
ppGpp deficient F. tularensis are no longer virulent in mice (Figure from (23)). D) MglA 
and PigR (FevR) have the same regulon as shown by microarray analysis. SspA and 
ppGpp regulate the same set of genes (data not shown) (Figure from (48)). E) RNAP (β’ 
and σ70) colocalizes with MglA, SspA and PigR at promoters in Francisella (Figure from 
(24)). F) Bacterial two-hybrid assay showing direct interaction between MglA•SspA and 
PigR (Figure from (23)). 
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1.3 Stringent starvation protein (SspA) family 

SspA family members have been implicated in virulence in Francisella 

(14,23,47,49,50), Enterohemorrhagic E. coli (EHEC) (51-55), Neisseria gonorrhoeae (56), 

Vibrio cholerae (57,58), and Yersinia enterocolitica (59). SspA was originally identified as an 

upregulated protein during amino acid starvation in valSts relA+ and valSts relA E. coli 

strains (valS encodes Valine-tRNA ligase, valSts is a temperature sensitive mutant) (60). 

SspA proteins are believed to impart their function through interactions with the RNAP, 

because E. coli SspA copurifies with RNAP, and SspA proteins are involved in gene 

regulation (47,51,61). SspA is the first protein encoded in the sspAB operon, the second 

protein, SspB, is poorly understood, but is believed to act independently of SspA (55). 

The best understood SspA protein is the E. coli SspA. Ec SspA expression occurs 

during times of starvation and stress, and its expression requires ppGpp (55). Ec SspA is 

essential for cell survival during acid-induced stress, but also acts as a transcriptional 

activator for bacteriophage P1 late gene expression and the locus of the enterocyte 

effacement (LEE) pathogenicity island (52-54). SspA functions by regulating the 

stationary-phase accumulation of H-NS, a global regulator that represses gene 

transcription (54). By down-regulating the cellular concentration of H-NS, SspA relieves 

the repression of acid tolerance genes, and virulence genes in the LEE pathogenicity 

island. Interestingly, complementation of an Ec sspA knock out with sspA from Y. pestis, 

V. cholerae, or P. aeruginosa is able to rescue acid resistance, but not P1 lytic growth (51). 
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The ability of other SspA family members to partially rescue SspA function in E. coli 

suggests partial conservation of function in other SspA proteins. 

The crystallographic structures of several SspA proteins are known. These 

structures reveal homodimeric proteins with conserved structural topology (Figure 

4A,C). As an orphan member of the glutathione-S-transferase (GST) family, all SspA 

proteins contain a conserved N-terminal thioredoxin-fold (Figure 4A, green) (51,62). 

However, SspA proteins lack GST activity (51,63). Instead, SspA proteins are believed to 

interact with the RNAP through a conserved set of residues at a surface exposed pocket 

(Figure 4B) (51). In E. coli SspA, this conserved series of residues is Pro84, His85, Pro86, 

and Tyr92 (Figure 4B,C). Mutations to the residues Pro84, His85, Pro86 and Tyr92 

reduced Ec SspA activity, whereby the triple alanine mutant P84A/H85A/P86A and 

double alanine mutant H85A/Y92A showed the most dramatic reduction in activity (51). 

The Pro84, His85, Pro86 sequence is almost completely conserved across the SspA 

family, and Tyr92 is usually conserved, though occasionally an aspartic or glutamic acid 

is observed. This conservation perhaps allows for the partially functional substitution of 

other SspA family members into E. coli.  
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Figure 4. The SspA protein family. 

A) Y. pestis SspA as a representative structure of a SspA family member. One of the 
subunits of the dimer is color-coded with the N-terminus of SspA shown in blue, the C-
terminus shown in red, and the thioredoxin fold colored green. (pdb ID: 1YY7; (51)) B) 
The compact face or RNAP interaction surface of Yp SspA. Residues critical for 
interactions with RNAP are shown as sticks. C) Sequence alignment with topology of 
SspA family members. Boxed regions indicate residues critical for RNAP interaction. Ft 
= F. tularensis, Ng = N. gonnorhoaea, Pp= P. putida, Vc = V. cholerae, Ec = E. coli, Yp = Y. 
pestis. 
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1.3.1 Francisella SspA: MglA•SspA 

MglA and SspA are members of the SspA family, and MglA and SspA are 

required for virulence and phagosomal escape (Figure 3C) (14,23,47,49,50). In Francisella, 

both MglA and SspA are necessary to interact with RNAP (Figure 3A,B) (47,51,61), and 

MglA and SspA regulate the same set of more than 100 genes (Figure 3D) (47,48,64). The 

requirement of both MglA and SspA for virulence and for interactions with the RNAP, 

as well as an overlapping regulon, indicate that MglA and SspA function together as 

heterodimeric MglA•SspA (63). These data indicate that the functional SspA protein in 

Francisella is a heterodimer, making Francisella MglA•SspA the only known 

heterodimeric SspA family member. 

MglA•SspA regulates a large number of genes, including the genes of the FPI 

(Figure 3D). Several Francisella genes are secreted by the atypical T6SS encoded by the 

FPI (20). Recently, two FPI proteins (PdpC and PdpD) and three proteins encoded 

outside of the FPI (OpiA, OpiB-1 and OpiB-3) were identified as secreted effector 

proteins (20). Strikingly, MglA•SspA regulates all five effector proteins, indicating that 

MglA•SspA regulates virulence genes inside and outside of the FPI. Further, the 

MglA•SspA complex acts as positive regulator of the anti-virulence factor PriM when 

PmrA is not actively repressing the priM promoter (30). 

Similar to Ec SspA, MglA is encoded by the mglAB operon, where the second 

gene in the operon encodes MglB (49). While MglB is required for intracellular growth, 
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little is known of its function. Similarly, Ft SspA is encoded by the sspAB operon. SspA 

proteins are generally similar in sequence, for example, Ec SspA has over 90% identity 

with dozens of SspA proteins, and 45-84% identity with SspA structures submitted to 

the Protein Data Bank. Yet MglA and SspA have low sequence identity with Ec SspA: 

MglA has 31% and SspA has 32% (Figure 4C). As stated above, the E. coli SspA Pro84, 

His85, Pro86 sequence is almost completely conserved across the SspA family, but F. 

tularensis SspA proteins are notable exceptions (Figure 4C, boxed residues). The proline 

residues are still conserved in Francisella, but instead of the histidine residue there is a 

phenylalanine in MglA (F78) and an alanine residue in SspA (A77), and instead of the 

generally conserved Ec Tyr92, there is a phenylalanine (F86) in MglA and a valine 

residue (V84) in SspA. 

MglA•SspA appears to be something of an anomaly in the SspA family. Not 

only do the subunits have unexpectedly low sequence identity and lack conserved 

RNAP interacting residues, but MglA•SspA also represents the only known 

heterodimeric SspA protein. All together, understanding the requirement for a 

heterodimeric SspA protein in Francisella is an interesting evolutionary and functional 

question. The presence of heterodimeric α subunits in Ft RNAP has led to some 

speculation that MglA•SspA recognizes the heterodimeric α subunits (65). While this 

poses an attractive hypothesis, there are no data to substantiate it. Lastly, Francisella, like 

we saw with the stringent response, is an unusual bacterium, and does not appear to 



 

 18 

encode an H-NS protein. Consequently, while many SspA proteins are believed to 

function similarly to Ec SspA, regulating the transcription of H-NS, we anticipate that 

MglA•SspA functions differently. Overall, as MglA•SspA is required for virulence, an 

understanding of MglA•SspA is critical to our understanding Francisella virulence 

regulation. 

1.4 PigR: a putative DNA binding protein 

PigR, like MglA and SspA, is critical for virulence and phagosomal escape, and 

regulates the same transcriptome as MglA and SspA (Figure 3C,D) (23,66). Bacterial two-

hybrid studies indicate that PigR interacts with MglA•SspA (Figure 3F); interestingly, 

ppGpp was required to see an interaction between PigR and MglA•SspA in a 

crosslinking copurification experiment (23). Further, transcription of pigR is highly 

regulated as pigR is only transcribed if PigR, MglA•SspA, MigR and ppGpp are all 

present (Figure 1B) (8,23,29). PigR was initially identified as a MerR family member due 

to the presence of a winged HTH near its N-terminus, indicating that PigR is likely a 

DNA-binding protein (Figure 5A).  

1.4.1 MerR and TnrA/GlnR protein families 

MerR family members are homodimeric proteins that contain a DNA-binding N-

terminal domain characterized by a winged-HTH and a C-terminal domain, which 

encodes both a coiled coil that allows for dimerization and an effector-binding region 

(Figure 5A,D) (67-70). MerR proteins generally recognize palindromic sequences 
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between nonoptimally spaced -10 and -35 promoter elements (Figure 5B). For example, 

in B. subtilis, BmrR is responsible for activating transcription of the multidrug 

transporter bmr. BmrR binds a suboptimally spaced sequence between the -10 and -35 

elements upstream of bmr (Figure 5D) (68). When drug concentrations in the cell rise, the 

C-terminal effector region of BmrR binds drug. Drug binding results in an overall 

conformational change of BmrR on the DNA, which ultimately distorts the bound DNA 

(Figure 5D). The DNA distortion by BmrR aligns the -10 and -35 elements allowing 

RNAP to bind productively and activate bmr transcription.  

The MerR protein is a large and diverse family. With high sequence similarity in 

the N-terminal DNA-binding domain and significant variability in the effector binding 

C-terminal domain, MerR proteins can detect a vast range of environmental stimuli (67). 

The namesake of the family, MerR, regulates the transcription of the mercury resistance 

(mer) operon in Gram-negative bacteria. MerR tightly binds free Hg2+ in the cell, 

coordinating Hg2+ with cysteine residues in its C-terminal domain. Another MerR family 

member, SoxR, senses oxidative stress through the oxidation of a bound [2Fe-2S] cluster 

bound by each subunit to regulate the transcription of a superoxide response regulator, 

soxS (70-73). Again, the MerR family is large and diverse, comprised of metal-binding 

and drug or antibiotic binding family members. However, all MerR proteins recognize 

palindromic DNA via a HTH motif at the N-terminus and recognize a specific effector or 
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set of effectors with their C-terminus, and upregulate the promoter through DNA 

distortion upon effector binding. 

TnrA and GlnR, though originally identified as MerR family members, operate in 

distinctly different DNA-binding and oligomerization modes to known MerR family 

members (Figure 5E/5F). While MerR family members recognize and contort DNA 

within suboptimally spaced -10 and -35 elements, the promoters bound by TnrA and 

GlnR have optimally spaced elements. Rather than oligomerizing through a coiled coil 

domain (Figure 5D,E), TnrA/GlnR oligomerize through residues in an N-terminal helical 

region and in the subsequent winged-HTH (Figure 5F) (74). Further, TnrA/GlnR possess 

an unstructured C-terminal tail, which, in both proteins, adopts a helical structure when 

bound to glutamine synthetase (GS) (Figure 5A). Interestingly, at physiological 

concentrations TnrA and GlnR are monomers, and only dimerize upon DNA binding. 

However, protein effectors can modulate TnrA and GlnR dimerization. Specifically, 

during nitrogen excess, glutamine (Q) binds GS forming a feedback inhibited, GS-Q, 

complex. Both GlnR and TnrA use their C-terminal tails to bind GS-Q. This interaction 

removes the autoinhibitory interaction between the GlnR C-tail and its N-terminal DNA 

binding and dimerization domain, allowing GlnR to dimerize on its operator sites and 

act as a repressor of nitrogen metabolic genes, thus conserving energy. By contrast, 

when the transcription activator, TnrA, binds to GS-Q its dimerization is destabilized. 

As a result, its DNA binding activation function is squelched thereby preventing it from 
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activating transcription of nitrogen metabolic genes. Thus, the activity of the regulators 

TnrA/GlnR is modulated by alterations in their oligomerization state as dictated by their 

interactions with the effector GS, which acts as a sensor of nitrogen levels. 

The TnrA/GlnR family has only recently been identified, and likely other 

previously predicted MerR family members fall into the TnrA/GlnR class. In addition to 

TnrA/GlnR, it appears that there are other subfamilies of MerR proteins. For example, 

the RacA protein, which plays a key role in DNA segregation during B. subtilis 

sporulation, was recently shown to contain a MerR like DNA binding domain, but this 

protein binds DNA as a monomer (75). However, RacA displays both high affinity DNA 

binding and low affinity DNA binding capabilities, which allows it to coat and condense 

the B. subtilis nucleoid, creating the chromosomal structure known as the axial filament. 

Similar to MerR proteins, RacA dimerizes through a coiled coil at its C-terminus, 

however this region also binds the DivIVA pole associated protein. This crucial 

interaction tethers RacA and the bound B. subtilis chromosome to the cell pole during 

sporulation. Although RacA contains a C-terminal coiled coil it is very different from 

MerR proteins in that this coiled coil region is connected to its DNA binding domain by 

a very long and flexible linker.  
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Figure 5. Comparison of PigR with MerR and TnrA/GlnR protein families. 

A) Cartoon depiction of the domain organizations of MerR family member BmrR, 
TnrA/GlnR family member TnrA and PigR. Residue numbers that define the domain 
regions are shown. B) Canonical MerR DNA-binding site. -10 and -35 elements are 
boxed. Dashed box indicates MerR binding location. The recognition sequence of 
symmetrical dyad is marked by arrows. (Figure from (67)) C) Francisella promoters. In 
PigR-regulated genes, a PigR recognition element (PRE), which is the putative DNA 
binding site for PigR, is observed. This sequence is absent from promoters outside the 
MglA•SspA•PigR regulon (FTL_0361, pmrA and hupB). (Figure from (24)) D) BmrR as a 
representative MerR family protein. N-terminal DNA-binding domain shown in yellow, 
coiled coil shown in red, and effector binding domain shown in green for one subunit. 
(Figure from (68)) E) A subunit of MtaN is used here to represent a MerR family protein 
structure and DNA recognition. Colors for each domain match those shown in (A). 
Dimerization occurs through the coiled coil element shown in teal. (Figure from (74)) F) 
TnrA/GlnR family protein structure and DNA recognition. Of note, dimerization is 
effected through the N-terminal domain, and the unstructured C-terminal tail following 
α4. (Figure from (74)). 
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1.4.2 PigR: a non-canonical MerR or TnrA/GlnR family member 

PigR, due to an N-terminal helix-turn-helix (HTH) motif, has been identified as a 

putative MerR family member (66). However, PigR is distinct from MerR members in 

that its HTH is not at its very N-terminus, and its C-terminus is not predicted to encode 

a coiled coil (Figure 5A). Recently, a specific sequence was identified in Francisella 

promoters regulated by MglA•SspA•PigR (Figure 5C) (24). As PigR is believed to be a 

DNA-binding protein, and is required for the colocalization of the 

MglA•SspA•PigR•RNAP complexes at Francisella promoters, this sequence is believed 

to be the PigR recognition element (PRE). Strikingly, the PRE is upstream of regularly 

spaced -10 and -35 elements, and contains no internal symmetry (Figure 5C). 

Based on the predicted structure of PigR, this protein is better placed within the 

recently characterized TnrA/GlnR family. While PigR has more in common with the 

TnrA/GlnR family than with the MerR family, specifically an internally located HTH 

and normally spaced -10 and -35 elements, PigR is not a perfect TnrA/GlnR candidate 

(Figure 5A,C) (74). First, PigR bears no sequence similarity to TnrA or GlnR. Second, 

while TnrA and GlnR still recognize MerR-like palindromic DNA sequences, the 

putative PigR recognition element (PRE) is not a symmetrical dyad (Figure 5C). Indeed, 

the PRE sequence is quite short and likely would not require or easily accommodate 

dimeric PigR binding. Additionally, data indicate PigR requires MglA•SspA or the 

formation of the MglA•SspA•PigR•RNAP complex for specific promoter recognition 
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(24). This indicates that PigR-DNA contacts could be mediated by the interaction of PigR 

with MglA•SspA, or perhaps through interactions of the RNAP with -10 and -35 

elements, which is unprecedented in the MerR or TnrA/GlnR family. The as of yet 

uncategorizability of PigR make it a very interesting research target, and structural 

information and biochemical experiments would provide important insight into how 

PigR recognizes DNA, its oligomerization state, and how it interacts with MglA•SspA. 

1.5 FPI regulation through a MglA•SspA•PigR•RNAP complex 

Bacterial two-hybrid assays have shown interactions between MglA•SspA and 

PigR, and TAP-tag assays have shown formation of an MglA•SspA•RNAP complex 

(Figure 3A,F) (23,76). The formation of the MglA•SspA•PigR complex appears to be 

mediated by ppGpp (23). Further, ChIP-seq experiments have shown colocalization of 

the MglA•SspA•PigR•RNAP complex at promoters across the Francisella genome 

(Figure 3E) (24). These factors alongside the overlapping regulon of PigR, MglA•SspA 

and ppGpp give strong evidence that an MglA•SspA•PigR complex, mediated by 

ppGpp, directs the transcription of RNAP (Figure 3D). 

As MglA•SspA can interact with RNAP and PigR separately, MglA•SspA is 

believed to be the glue holding the MglA•SspA•PigR•RNAP complex together. This 

idea is supported by mutational analyses, which, in addition to structural information, 

indicate that the putative PigR interaction surface and the RNAP interaction surface are 

on opposite faces of MglA•SspA (63,76). Additionally, the PRE represents a specific 
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DNA sequence that is only present in promoter regions that MglA•SspA•PigR and 

ppGpp regulate (Figure 5C) (24). Mutational analysis revealed that disrupting the PRE at 

regulated promoters prevented transcription by the MglA•SspA•PigR•RNAP complex, 

while insertion of the PRE at unregulated promoters resulted in induction by the 

MglA•SspA•PigR•RNAP complex. As PigR is believed to be the DNA-binding protein 

of the MglA•SspA•PigR complex, PigR could act as the activator for specific promoter 

recognition and transcription. Such a key role for PigR could explain why it is so highly 

regulated, as the transcriptional activator of virulence genes would be tightly controlled. 

1.6 Structural and biochemical characterization of interactions in 
the MglA•SspA•PigR complex 

We sought to better understand the mechanisms behind FPI transcriptional 

regulation and the interactions between MglA•SspA, PigR and ppGpp. Specifically, we 

hypothesized that MglA•SspA forms a functional heterodimer, which interacts with 

PigR in some ppGpp-mediated fashion. As MglA and SspA can each theoretically form a 

homodimer in addition to heterodimeric MglA•SspA, we wanted to determine whether 

MglA forms a functional homodimer, or whether the only functional SspA in Francisella 

is the heterodimer MglA•SspA. To answer this question we worked to characterize both 

MglA•SspA and MglA alone, SspA was not pursued, as it is insoluble in the absence of 

MglA. We characterized MglA both structurally and biochemically, and the results of 

this research are discussed in Chapter 3 and published in Cuthbert et al. (63). Our studies 

reinforced that MglA•SspA is the physiologically relevant Ft SspA species. We, thus, 



 

 26 

turned our attention to MglA•SspA. Using the crystallographic structure of MglA we 

were able to determine the structure of the MglA•SspA heterodimer. 

As ppGpp promotes the interaction between MglA•SspA and PigR, we 

hypothesized that ppGpp interacts directly with either MglA•SspA or PigR. With the 

help of collaborators, we discovered that MglA•SspA specifically binds ppGpp. In order 

to determine how ppGpp binds the complex and its effect on the structure, we solved 

the crystal structure of MglA•SspA in complex with ppGpp (MglA•SspA•ppGpp). The 

structure revealed the molecular determinants behind the ppGpp interaction with 

MglA•SspA. The discovery that MglA•SspA binds ppGpp and the structural and 

biochemical characterization of MglA•SspA and its interaction with ppGpp are 

discussed in Chapter 4.  

While MglA•SspA and ppGpp are involved in FPI transcriptional regulation, 

MglA•SspA transcriptional regulation requires PigR. To gain insight into how PigR 

coordinates with MglA•SspA to affect FPI regulation we next looked at how PigR 

interacts with this complex and how ppGpp may modulate this interaction. While 

mutations to MglA•SspA that prevent interaction with PigR have been characterized 

(76), we assessed which regions of PigR are responsible for the interaction with 

MglA•SspA. Fluorescence anisotropy experiments revealed that the C-terminal 22 

residues of PigR are responsible for its interaction with MglA•SspA and the N-terminal 

region played no part in binding the heterodimer. Our findings were supported by 
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bridge-hybrid experiments performed by our collaborators in the Dove lab. Intriguingly, 

this interaction does not appear to be dependent on the presence of ppGpp, but suggests 

proper orientation or oligomerization of PigR is ppGpp-dependent. Work discussing the 

interaction between MglA•SspA and PigR can be found in Chapter 5. 

Finally, this research is concluded in Chapter 6 where we discuss a new model 

for Francisella FPI transcriptional regulation based on our data.  
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2. Methodologies: X-ray crystallography and fluorescence 
anisotropy/polarization 

2.1 X-ray crystallography 

X-ray crystallography is one of the predominant methods for protein structure 

determination. While NMR can determine protein dynamics and structure, the 

technique is restricted to proteins below 35 kDa. Using X-ray crystallography, we can 

determine the structures of larger proteins, protein complexes, and proteins in complex 

with ligands such as small molecules, DNA or RNA, in molecular detail. As proteins do 

not operate in a vacuum, understanding protein structure, and the impact of interactions 

with cofactors, can give important insight into protein function and biological 

mechanisms, and guide further experiments. 

X-ray crystallography takes advantage of the ability of proteins to form complex 

crystals. While X-ray photons diffract off electrons in protein molecules, the diffraction 

of an X-ray from a single protein molecule is undetectable. However, diffraction is 

amplified when proteins are organized in a crystal lattice. A protein crystal represents 

an ordered matrix of molecules, and when X-rays pass through a protein crystal, they 

pass through multiple copies of the same molecule, ultimately increasing the intensity of 

the signal. 

With a reasonably diffracting protein crystal, we can determine the electron 

density of the protein (Figure 6). Building into the electron density produces an atomic 
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model of the protein. However, none of this process – from crystallizing the protein, to 

obtaining diffraction data, to successfully processing that data, to building and refining 

the model – is trivial. Here, we will discuss the method of protein crystallography, from 

the anatomy of a crystal to the generation of the atomic model and all the steps in 

between. 

 

Figure 6. Protein structure determination through X-ray crystallography. 

X-rays are diffracted by a protein crystal and generate a unique diffraction pattern. After 
data collection, the diffraction pattern is analyzed and processed electronically to 
produce an electron density map. An atomic model is built into the electron density 
map, and refined, in order to determine the protein structure. 

 

2.1.1 Composition of a protein crystal 

Protein crystallization occurs when protein motifs form a repeating, organized 

matrix. The resulting protein crystal can be described by a 3D lattice, which is composed 

of an imaginary grid spanned by three sets of intersecting parallel, equidistant planes (a, 

b, c). The single unit of the crystal lattice is the unit cell, which is specified according to 

the relative lengths of the cell edges (a, b, c) and the angles between them (α, β, γ) 
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(Figure 7A). The unit cell can be divided into asymmetric units, where the asymmetric 

unit (ASU) is the smallest object needed to generate the whole unit cell by applying 

translational or rotational operations (Figure 7B). 

 

Figure 7. Crystal lattice and unit cell. 

A) The parameters of the unit cell. In the planes x y z, the unit cell has cell edges a, b, c 
and the angles between them are α, β, γ. The primitive lattice describing the unit cell is 
determined by the edges and angles of the unit cell. B) Protein motifs form the 
asymmetric unit, which through symmetry operators generates the unit cell. The unit 
cell is the repeating unit of the crystal lattice, which is essentially a three-dimensional 
regular array. 

 

There are seven primitive crystallographically defined lattices designated by the 

imaginary grid: triclinic, monoclinic, orthorhombic, trigonal, hexagonal, tetragonal, and 

cubic (Table 1). Each lattice is defined by the relationship between the axes and angles of 

the unit cell and the underlying crystallographic symmetry. There are additionally five 

basic translational lattices. When the internal lattice translations are combined with the 
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primitive lattice the result are the 14 Bravais lattices, which are non-primitive, 

translationally centered lattices (Table 1). In the primitive lattice, the corners of the unit 

cell served as equivalent points, but in Bravais lattices translational centering produces 

additional equivalent points. The centering types of the Bravais lattices are designated as 

P, primitive; C, base centered (or face centered on the AB plane); I, body centered; F, face 

centered on each of the three different faces of the cell; and R, rhombohedral centered.  

Table 1. The 14 Bravais lattices. 

The Bravais lattices are categorized by a primitive lattice or crystal system, and by 
translational centering (Bravais type). Capital letters designate the Bravais lattice type: P, 
primitive; C, face centered on the C plane, or base centered; I, body centered; F, face 
centered on each of the three different faces of the cell; R, rhombohedral centered. The 
trigonal P and hexagonal P count as one Bravais lattice type. 
 

Crystal System Bond Length Characteristics Bond Angle Characteristics Bravais type 

Triclinic a ≠ b ≠ c α ≠ β ≠ γ ≠ 90° P 

Monoclinic a ≠ b ≠ c α = γ = 90°, β ≠ 90° P, C 

Orthorhombic a ≠ b ≠ c α = β = γ = 90° P, I, C, F 

Tetragonal a = b ≠ c α = β = γ = 90° P, I 

Trigonal 
a = b ≠ c α = β = 90°, γ = 120° 

P, R 

Hexagonal P 

Cubic a = b = c α = β = γ = 90° P, I, F 

 

A combination of internal symmetry operators (rotations and translations of the 

ASU) and Bravais translations result in 230 potential space groups, however, only 65 are 

allowed by the chirality of proteins or nucleic acids. The space group represents a 
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mathematical group of symmetry operations, designated by the Hermann-Mauguin 

space group symbol GB: 

G! ≡ 𝐓𝐁𝐖𝟏𝐖𝟐𝐖𝟑 

Where TB designates the Bravis lattice symbol, and Wi designate generating operators. 

The most basic space group is P1, representing a triclinic crystal group with no internal 

symmetry, while the space group P212121, belongs to the orthorhombic crystal group and 

has 3 perpendicular intersecting 2-fold screw axes along the a, b, c unit cell edges. The 

screw axes are designated by the subscripts. 

2.1.2 Basics of X-ray diffraction 

X-ray photons behave like electromagnetic (EM) waves, and can be described by 

a wave function designated by amplitude, frequency and angle. However, in X-ray 

experiments we generally treat X-rays as vectors. For diffraction to occur an X-ray 

photon travelling through a crystal has to encounter and interact with electrons. In an X-

ray experiment, the scattered photon must be in phase with other diffracted photons in 

order for the signal to be sufficiently amplified to produce a reflection. The resulting 

diffraction pattern is the sum of all scattering events of independent, single photons.  

In order to move from a diffraction pattern to an atomic model, let us explore the 

relationship between the electron density (ρ) of the atom, the incoming X-rays and the 

resulting scattered X-ray. The atomic scattering factor (fs) describes the scattering of an 
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X-ray photon off the entire atom as a function of the scattering direction and the 

scattering angle:  

𝑓! = ρ 𝐫 exp 2𝜋𝑖𝐒𝐫 𝑑𝐫

!(!"!")

!

 

In this equation, ρ 𝐫  represents the electron density at position r, and 2πSr is equal to 

the phase (φ) of the emanating wave. As the scattering factor describes the scattering of 

a single photon off the entire atom, each partial wave is accounted for by integrating 

over the entire atom volume. However, when we look at a diffraction pattern, each 

reflection is the sum of the scattering caused by all the atoms in the unit cell. On this 

larger scale, we talk about the structure factor (Fs): 

𝑭! = 𝑓!,!  exp 2𝜋𝑖𝐒𝐫!

!"#$%

!!!

 

The structure factor (Fs) is the summation of all atomic scattering factors (fs) in the unit 

cell. Fs is a Fourier sum where the atomic scattering factor gives an amplitude, and the 

exponential portion describes the phase of the scattering factor. 

Now that we have introduced the contributions to X-ray scattering, let us take a 

moment and explore the basis of diffraction by examining Bragg’s law and Ewald’s 

sphere.  
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2.1.2.1 Bragg’s law 

As stated above crystals are composed of a 3D lattice delineated by infinite 

planes. When described above, these lattices were described by the unit cell vectors a, b, 

c. Now imagine a, b, c are finely sliced by the planes h, k, l, which are defined by Miller 

indices h k l. The h indices sample the a edge of the cell, while k and l sample the b and c 

edge, respectively. As mentioned above, X-rays are electromagnetic waves, and when 

waves are in phase or interfere constructively the signal is amplified. If X-rays are not in 

phase, they interfere with each other destructively and diminish signal. Thus, for a 

successful diffraction experiment, X-rays have to interact with the crystal lattice 

constructively. 

X-ray scattering can be visualized as the reflection of the X-ray photon off planes 

in the crystal (Figure 8). Bragg’s law explores the requirements for constructive 

interference for two photons coming into contact with atoms in the hkl planes. For 

scattering X-rays to be in phase, the path difference between waves scattered by adjacent 

planes must be an integral multiple of the wavelength: 

2𝑑!!"𝑠𝑖𝑛𝜃 = 𝑛𝜆 

Bragg’s law, written above, is derived in Figure 8, which shows the relation of the 

scattering angle θ to the interplanar distance dhkl for the set of planes hkl. Two X-rays 

with wavelength λ are scattered at angle θ off two parallel planes. The line (AC) is 

drawn from the electron at point A to the incident and scattered waves, such that it is 
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perpendicular to the path of both. By drawing a line between A and the electron at point 

B, we generate triangles ABC. As triangle ABC is a right triangle, line BC is related to 

line AB through the equation BC = AB sin θ. As line AB is equal to the interplanar 

distance dhkl we can write, BC = dhkl sin θ. The difference in path length traveled between 

the two X-rays reflected from two parallel planes is twice the distance of BC (nλ = 2 BC). 

Thus, for the two X-rays to be in phase, the value 2 dhkl sin θ must be equal to an integer 

of the wavelength (nλ). 

For detectable X-ray diffraction, Bragg’s law must be met. Otherwise scattered X-

rays will be out of phase and interfere deconstructively, and there will be no detectable 

diffraction. 

 

Figure 8. Bragg’s law. 

Bragg’s law describes the conditions required for a scattering wave to be in phase: 
2dhklsinθ = nλ. An incident wave, or incoming X-ray photon, approaches parallel lattice 
planes designated by Miller indices h k l. The photon encounters electrons A and B on 
two parallel planes and is scattered at angle θ. Bragg’s law gives the relationship 
between the interplanar spacing dhkl, the scattering angle, and the wavelength of the 
incident wave. 
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2.1.2.2 Ewald’s sphere 

While protein crystals and their lattices exist in real space (Bragg’s law), X-ray 

scattering experiments, the scattering processes and diffraction patterns, occur in 

reciprocal space (R*). Reciprocal space is a mathematical construction where reciprocal 

unit cell edges are defined as a*, b*, c*, which relate to real space unit cells a, b, c 

reciprocally: a* = 1/ a, b* = 1/ b, and c* = 1/ c. While the reciprocal lattice shares a common 

origin with the real space lattice, there is a directional change as a* is normal to the plane 

(b, c), b* is normal to the plane (a, c), and c* is normal to the plane (a, b). Further, the 

interplanar distances and unit cell volume are reciprocally related, where d*hkl = 1/dhkl 

and V*= 1/V. 

 

Figure 9. Ewald’s sphere. 

A) Ewald’s sphere introduces Bragg’s law in reciprocal space. An incoming vector is 
scattered off reflecting plane h k l and the scattering angle directly relates to the 
interplanar distance dhkl as shown by Bragg’s law. B) Diffraction occurs when lattice 
points intersect Ewald’s sphere (orange). Rotation of the crystal rotates the reciprocal 
lattice, bringing new lattice points into contact with the sphere. 
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Ewald’s sphere is a geometric construction that relates Bragg’s law to reciprocal 

space. Ewald’s sphere has a radius (r) equal to 1 / λ with a protein crystal at its center 

(Figure 9). Incoming X-rays are shown as the wave vectors s0 (incoming) and s1 

(scattered), alongside the overall scattering vector S. When the incoming X-ray hits the 

crystal it reflects off plane hkl (Figure 9A). The scattered X-ray is thus related to the 

incoming X-ray by 2θ with an interplanar distance d*hkl of 2 sin θ / λ as previously 

proven with Bragg’s law. The point on the sphere that the scattered X-ray hits can also 

be achieved by drawing the scattering vector S from the origin of the reciprocal lattice 

(000 in Figure 9B). 

Diffraction thus occurs when reciprocal crystal lattice point hkl intersects with 

Ewald’s sphere (Figure 9B). Thus, only a sample of lattice points will be sampled from 

any single orientation of the crystal. To sample more points the crystal is rotated during 

data collection, bringing new lattice points into contact with Ewald’s sphere.  

2.1.2.3 From diffraction patterns to electron density 

Earlier, we discussed the structure factor Fs, which gives the sum of scattering 

contributions for each atom in the unit cell. As X-ray scattering results from interactions 

with electrons, Fs is directly related to electron density (ρ). Fhkl (here, in terms of the 

miller indices, h k l) can be written as a function of the summed contributions from all 

electrons in the unit cell: 
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𝐅!!" = 𝑉 ρ! ! !exp 2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧) 

!

!!!

!

!!!

!

!!!

 

V, here, represents the volume of the unit cell, and x y z are the dimensions of the unit 

cell. Mathematically, the equation above shows the direct relation between the structure 

factor and electron density, and, consequently, the direct relationship between reciprocal 

space (R*) and real space. The structure factors for the various points in the reciprocal 

axis, Fhkl, is the Fourier transform of the electron density within the unit cell of the 

crystal, ρx y z. Because a Fourier transform is reversible, ρ x y z is the Fourier transform of 

Fhkl. From this relation we can determine the electron density from Fhkl using an inverse 

Fourier transform: 

ρ𝑥 𝑦 𝑧 =
1
𝑉

𝐅ℎ𝑘𝑙exp −2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧) 
𝑙𝑘ℎ

 

It is ultimately these Fourier transforms that allow us to reconstruct electron density 

from the complex structure factors. Similarly, we are able to generate structure factors 

from real space electron density maps. The determination of electron density for all 

directions of the unit cell, ρx y z, is the ultimate goal of the crystallographic experiment, 

because with the electron density we can build a model of the contents of the unit cell. 

Significantly, in X-ray diffraction experiments, we only measure the positions 

and intensities of the reflections. Because the amplitudes of structure factors are 

proportional to the square root of the measured intensities, we can determine |Fhkl| 

using the intensity of reflections. However, the phase angle of the complex structure 
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factor is missing from intensity measurements, and is thus unrecorded over the course 

of the X-ray experiment. This is commonly referred to as the phase problem. In order to 

determine the electron density in the crystal and determine the protein structure, we 

need to provide phase information. Common methods for phase determination include 

de novo phase methods: Single Isomorphous Replacement (SIR), Multiple Isomorphous 

Replacement (MIR), Single-wavelength Anomalous Dispersion (SAD) and Multi-

wavelength Anomalous Dispersion (MAD). Alternatively, phases can be provided by a 

known protein structure using Molecular Replacement (MR) when your protein of 

interest has high similarity to the known protein structure. In MR, the known protein 

structure is used as a search model to sample the unit cell of your dataset in order to 

determine a phase solution. As these phases are “borrowed”, phase bias is introduced in 

MR. 

2.1.3 Solving the phase problem 

2.1.3.1 The Patterson function and the Patterson map 

Patterson maps can be constructed without any phase information and are 

critical for phase determination experiments. Patterson maps are constructed by the 

Patterson function: 

𝑃 𝐮 = 𝜌 𝐫  × 𝜌 𝐫 + 𝐮 𝑑𝑟
!
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The Patterson function is a convolution integral of electron density over the whole unit 

cell for any point u (u, v, w) in real space (R). The function gives maximal values when 

electron densities at both 𝜌(r) and 𝜌 (r + u) have high values. Thus, the number is largest 

when distance vector u gives an interatomic distance. A Patterson map, a map generated 

from the Patterson function, will contain N(N-1) peaks at all interatomic distances (for N 

atoms). 

For experimental phase determination, the Patterson function must work 

independently of phase information. In this case, the function is more useful in terms of 

structure factors rather than electron density. By applying a Fourier series, the Patterson 

function becomes: 

𝑃 𝑢 𝑣 𝑤 =
1
𝑉

|𝑭𝒉𝒌𝒍|!cos [2𝜋 ℎ𝑢 + 𝑘𝑣 + 𝑙𝑤 ]
!!"

 

In this derivation of the Patterson function, u, v, w are coordinates in Patterson space. 

Now we can determine interatomic distances for data, independent of phase, using only 

reflection intensities. 

While a protein structure is too large and complicated for the Patterson function, 

we can use the Patterson function to determine the location of marker atoms in the 

structure. In phase determination experiments, the Patterson map is generally employed 

to determine the position of heavy atoms that have been introduced through heavy 

metal soaks or through the incorporation of selenium by selenomethionine-labeling. In 

these cases the incorporated heavy atoms give distinct peaks. 
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2.1.3.2 Isomorphous replacement experiments 

All materials absorb X-rays, however, heavy atoms have increased absorption. 

For isomorphous replacement experiments, derivative crystals are usually prepared 

through heavy metal atom soaks to incorporate heavy metal into a native crystal. 

Differences in diffraction intensities between native and derivative crystals will largely 

reflect the scattering contributions of the heavy atoms. By comparing the diffraction of a 

native crystal with an isomorphous derivative crystal we can garner information about 

phases. Essentially: 

FPH = FP + FPH, then FH = FPH - FP 

Above, FPH is the structure factor for a derivatized crystal, FP is the structure factor for 

the protein alone, and FH is the structure factor for the contributions of the marker atoms 

alone. The relationship between these structure factors is shown in an Argand diagram 

(Figure 10A). The requirement for isomorphous crystals is apparent, as, for the crystals 

to be directly comparable, the only difference between structures should be the presence 

of marker atoms. 
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Figure 10. Isomorphous replacement. 

A) An Argand diagram showing the relationship of isomorphous structure factors: FPH = 
FP + FH. Also, shown is the phase angle for each structure factor, which is determined 
through experimentation. B) Harker diagram for SIR. The black circle has a radius of FP, 
representing data from the native crystal. The blue circle has a radius of FPH, 
representing the data from the derivative crystal. The two intersections indicate 
potential solutions for the phase angle (αP). C) Harker diagram for MIR. The SIR circles 
from (B) are the same, but a second derivate crystal produces the new circle, which has a 
radius of FPH2. Now there is only one intersection between the three circles, giving one 
value for the phase angle (αP). (Figures from (77)) 
 

In order to determine the positions of the marker atoms, a difference Patterson 

function is employed.  

A B 
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Δ𝑃 𝑢 𝑣 𝑤 =
1
𝑉

Δ𝐅𝒉𝒌𝒍!cos [2𝜋 ℎ𝑢 + 𝑘𝑣 + 𝑙𝑤 ]
!!"

 

In the equation above, ΔF!"#! = ( F!" - F! )!. The difference Patterson function gives the 

net effect from the contribution of the heavy atom structure factor alone. From this the 

locations of the marker atoms can be determined, allowing for the calculation of the 

amplitude and phase for FH. FPH and FP are determined through reflection intensities for 

each dataset. 

If the phasing experiment is SIR (Single Isomorphous Replacement), there will 

still be phase ambiguity. For SIR, two datasets are collected, 1) data from a native crystal, 

and 2) data from an isomorphous heavy atom derivative crystal. The Harker diagram for 

SIR in Figure 10B has a black circle with a radius of |FP| representing the data from the 

native crystal. The blue circle has a radius of |FPH| calculated from the data from the 

derivative crystal. The two circles intersect at the two possible solutions for the phase of 

FP, where only one answer can be correct. The addition of another derivative crystal 

would make this an MIR (Multiple Isomorphous Replacement) experiment. In MIR, the 

phase ambiguity is resolved as shown in the Harker construction in Figure 10C by the 

addition of a third dataset. The third circle, in green, has a radius corresponding to the 

structure factor for the second derivative structure, |FPH2|. With MIR, there is no longer 

phase ambiguity as indicated by the single solution for the phase angle in the Harker 

diagram. 
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2.1.3.3 Anomalous diffraction experiments 

An important feature of X-rays is the ability to produce anomalous X-ray 

dispersion. The absorption curves of heavy elements exhibit distinct, step-like features. 

These steps represent absorption edges, and mark the potential for energy transfer at 

defined resonance frequencies. Higher energy X-rays can disturb inner K shell electrons, 

resulting in the K-edge, while less tightly bound electrons absorb at L- or M-edges. X-ray 

diffraction experiments performed at energies near to or at the absorption edge of a 

protein crystal containing heavy atoms result in anomalous dispersion. 

When X-ray experiments occur in the presence of anomalous dispersion, the 

effect of dispersion alters the atomic scattering factor. Under these conditions the atomic 

scattering factor becomes: 

𝑓 !,! = 𝑓!! + 𝑓(!)
! + 𝑖𝑓(!)

!!   

The atomic scattering factor is now characterized by wavelength dependent anomalous 

scattering factor contributions, ƒ’ and ƒ’’, in addition to the wavelength independent ƒs. 

ƒ’ is the dispersive term, while ƒ’’ is the absorption term, which displays a phase lag of 

90° (Figure 12A). Contributions of ƒ’ and ƒ’’ are the source of dispersive differences at 

the absorption edge (Figure 11), where the imaginary contribution of i to ƒ’’ as well as 

the 90° lag phase of ƒ’’ break centrosymmetry. This break in centrosymmetry is reflected 

in the breakdown of Friedel’s law.  
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Figure 11. The anomalous scattering factors as a function of X-ray energy. 

Shown here are the anomalous scattering factors ƒ’ and ƒ’’ for selenium around the 
absorption edge. The maximal value for ƒ’ occurs at λ1. Inflection data can be collected 
at this wavelength, and will contain both ƒ’ and ƒ’’ signal. As the contributions of ƒ’ are 
strongest at λ1, data collected here will have the strongest absorptive contribution from 
the anomalous signal. The maximal value for ƒ’’ is produced at λ2, data collected at this 
wavelength is called peak data. Data collected at this wavelength has the highest ƒ’’ of 
anomalous signal. The remote data is collected at λ3, which can be any data far above or 
below the absorption edge. Remote data should approximate native data as ƒ’ and ƒ’’ 
contributions are negligible at wavelengths far removed from λ1 and λ2.  
 

In the absence of anomalous scattering, Friedel’s law holds that the structure 

factor amplitudes of reflections with conjugate phase are identical: Fh = F-h. Reflections 

that meet this condition are referred to as Friedel pairs, a subset of Bijvoet pairs. With 

the contribution of the anomalous scattering factors, the amplitudes are no longer the 

same: Fh ≠ F-h, with the exception of centric reflections (Figure 12A). Reflections that 
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would be Friedel pairs in a native dataset become just Bijvoet pairs in datasets with 

anomalous signal.  

2.1.3.3.1 Multi-wavelength Anomalous Dispersion (MAD) 
In a MAD experiment, protein phases are determined through the collection of at 

least two, but normally three, datasets of Bijvoet pairs measured at different 

wavelengths. For the experiment, these datasets are collected on the same crystal, 

effectively sidestepping the SIR/MIR difficulty of finding isomorphous derivative 

crystals. To generate anomalous signal, crystallographers generally utilize heavy metal 

ligands or selenomethinione-labeled protein. As multiple datasets are collected at 

different wavelengths, in near simultaneous fashion, MAD data collection requires a 

tunable X-ray source at the synchrotron and crystals able to withstand the radiation 

damage of MAD data collection. 

Before performing the experiment, one performs an X-ray fluorescence scan to 

determine the location of the absorption edges (Figure 11). The fluorescence scan allows 

one to choose: 1) the wavelength with maximal anomalous ƒ’’ signal (peak wavelength 

or λ2); 2) the wavelength with maximal ƒ’ signal (inflection wavelength or λ1); and 3) a 

wavelength far removed from the anomalous dispersion signals (remote λ3). 

Anomalous scattering contributions of the heavy atom structure factor result in Bijvoet 

differences between centrosymmmetrically related wedges. Thus, the intensity 

differences for the Bijvoet pairs, 𝐅𝒉𝒌𝒍 and 𝐅𝒉𝒌𝒍, can also be used in a difference Patterson 

function: 
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Δ𝑃 𝑢 𝑣 𝑤 =
1
𝑉

Δ𝐅𝒉𝒌𝒍!cos [2𝜋 ℎ𝑢 + 𝑘𝑣 + 𝑙𝑤 ]
!!"

 

While the above equation is the same as for the isomorphous replacement difference 

function, this time Δ𝐅𝒉𝒌𝒍! = (|𝐅𝒉𝒌𝒍|-|𝐅𝒉𝒌𝒍|)2. Further, due to the resulting dispersive 

differences between the datasets collected at multiple X-ray energies, the amplitudes for 

the structure factors are sufficiently different to allow for additional difference Patterson 

maps. Similar to what we saw with MIR, ΔFhkl2 = (|FPH|-|FP|)2 can be used for a 

difference Patterson function, where in this case |FPH| comes from the inflection or peak 

dataset, and |FP| comes from the remote dataset. From MAD data a large number of 

structure factors can be determined, these are shown in Figure 12B in an Argand 

diagram. The Patterson difference maps allow for the determination of the heavy atom 

positions and the phase angle. As the Harker construction in Figure 12C shows, a unique 

phase solution is provided for by the differences between Friedel pairs |𝐅!"(+)| and 

|F!"(-)|, alongside the structure factors determined by MIR-like Patterson difference 

functions that take advantage of the dispersive differences between datasets. 

2.1.3.3.2 Single-wavelength Anomalous Dispersion (SAD) 
An alternative to MAD is SAD. A SAD experiment can make use of the small 

anomalous signal provided by native-sulfur atoms in the protein (S-SAD) or can be 

performed with heavy atoms (Se-SAD, with selenium, or Hg-SAD, with mercury, for 

example). For SAD, highly redundant data is collected from a single crystal at a single-

wavelength, preferably at the peak wavelength (λ2). As mentioned above data collected 
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at λ2 contains maximal ƒ’’ signal, but it also contains ƒ’ signal (Figure 11). As with MAD, 

a Patterson difference function can be performed from SAD data with the intensity 

differences for the Bijvoet pairs, |𝐅𝒉𝒌𝒍| and |𝐅𝒉𝒌𝒍|. The Patterson map will provide two 

solutions for the locations of the sulfur or heavy atoms. This ambiguity is portrayed in 

Figure 12D, where a Harker construction can be drawn for the Friedel pairs |𝐅!"(+)| and 

|F!"(-)|. The presence of two solutions for the Patterson map and Harker construction 

show how, without the additional information provided by the MAD experiment, there 

is phase ambiguity. 

Combination of SIR with SAD data can be used to resolve the phase ambiguity of 

SAD or SIR solutions. The combination of the two methods is called SIRAS (Single 

Isomorphous Replacement with Anomalous Scattering). In SIRAS, SAD data acts in 

place of the second derivative crystal that would result in a MIR experiment. With the 

determination of F!" + and |F!"(-)| by SAD, and the determination of the locations of 

marker atoms by SIR, the protein phases can be calculated for FP (Figure 12E). 
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Figure 12. Anomalous dispersion and anomalous diffraction experiments. 

A) Anomalous contributions to the atomic scattering factor break Friedel’s law so that 
|FPH (+)| is no longer equal to |FPH (-)|. Shown in black are the scattering factors for a 
Friedel pair without anomalous scattering contributions, where |FPH (+)| =|FPH (-)|. In 
red we have the anomalous scattering factors, ƒ’ (labeled |FH (+)| and |FH (-)|) and ƒ’’, 
which produce the Bijovet pair: |FPH (+)| and |FPH (-)|. B) Structure factors for a MAD 
experiment shown on an Argand diagram. Bijvoet pairs are shown for the peak (λ1), 
inflection (λ2) and remote (λ3) datasets, where each structure factor is offset from |Fλ (-
)| due to anomalous contributions. While a native dataset is not collected, the Friedel 
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pairs for FP are shown here for comparison. C) Harker diagram for a MAD experiment. 
The many circles are from the Bijvoet pairs, |FPH (+)| and |FPH (-)|, for the peak and 
inflection dataset, as well as the structure factors determined through differences 
between the remote dataset and the inflection and peak datasets. The complex structure 
factors for anomalous signal contributions from each dataset are shown as green, blue 
and teal vectors. From all these contributions a unique phase solution can be 
determined. D) SAD Harker construction. The two circles with radii determined by the 
Bijvoet pairs, |FPH (+)| and |FPH (-)|. Phase ambiguity is visible through the two 
potential intersections. E) SIRAS experiment Harker construction. The SIR experiment 
contributes two circles, where FPH comes from the derivative crystal and FP from the 
native crystal. The new circle represents the contributions from the Bijvoet pairs, |FPH 
(+)| and |FPH (-)| from the anomalous signal in SAD data. (Figures from (77)) 
 

Density modification is another means of solving the phase ambiguity of a SAD 

solution. The best crystals for SAD have high solvent content. Applying iterative rounds 

of density modification such as solvent flattening and histogram matching to the SAD 

map solution can dramatically improve its quality. For solvent flattening the first step is 

definition of solvent regions in the map, this is referred to as applying a solvent mask. 

Solvent mask procedures apply a grid to the map, and sample grid points. When 

sufficient electron density is present the space is designated protein density, if the space 

lacks sufficient electron density (is below the cut off threshold) it is designated as a 

solvent region. The solvent region is then “flattened” (the electron density is set to a 

solvent range), and the new map is used to generate structure factors. Phases from the 

new structure factors are combined with the original phases. Histogram matching 

compares the initial map of the protein with a theoretical map at the same resolution. 

The probability distribution of the electron density is plotted in discrete bins, and, after 
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comparison with the theoretical model, the electron density is shifted to match the 

theoretical distribution. One or both of these techniques can be performed reiteratively 

until convergence is achieved. At this point the electron density map is dramatically 

improved and is perhaps suitable for model building and refinement. 

2.1.3.4 Molecular Replacement (MR) 

When applicable, molecular replacement (MR) is the least labor-intensive 

solution to the phase problem. If there is a reasonable model structure for your target 

protein structure, MR is a very attractive option. A reasonable structure model is 

expected to be quite similar to the target structure, proteins with sequence identity of 

~30% or higher are good candidates. The best candidates for MR are mutants of known 

structures, structures with improved resolution to the model structure, or proteins of 

known structure bound to a ligand. 

MR occurs in Patterson space, and describes the rotation and translation of a 

known structure in the unit cell or asymmetric unit of the target structure until the 

solution with best fit is obtained. To correctly position the search model one must find 

the correct orientation and location. Six parameters determine a correctly positioned 

model, three rotational vectors and three translational vectors. While one could perform 

a six-dimensional search, searching for a condition that meets all six parameters at one 

time, most molecular replacement programs employ two subsequent three-dimensional 

searches. These three-dimensional searches are performed by a rotation Patterson search 
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and a translation Patterson search. As discussed above, Patterson maps show 

interatomic distances, and Patterson space is thus composed of vectors between 

individual atoms. Essentially, Patterson searches work to find an alignment of the 

rotational and translational vectors between a search model Patterson map and a 

Patterson map generated from the observed data.  

First a rotation Patterson search is performed to determine the correct orientation 

of the search model, and once this has been determined a translation Patterson search is 

performed to determine the correct location. For the rotation search, Patterson maps are 

constructed using the atomic coordinates of the search model and the structure factors of 

the observed data. The search model map is then rotated over all angles to search for 

alignment with the observed data map. The correct orientation (or angle) can be 

determined based on the overlap of intramolecular Patterson vectors between two 

Patterson maps. The highest scored solution is then submitted to a translational 

Patterson search, which moves the search model translationally through Patterson space 

until the actual location of the model in the unit cell is determined. The correct location 

is determined based on the overlap of intermolecular Patterson vectors between the two 

maps. Once the correct orientation and location of the model has been determined 

electron density can be generated for the observed data. 

One drawback in molecular replacement is the introduction of phase bias. Phases 

are incredibly important in structure determination as they dominate the Fourier 
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reconstruction that generates electron density. Because of this, model phases can 

significantly bias the resulting map towards the model. While phase bias can be reduced 

during map construction and refinement, it is important to be aware of its presence. 

2.1.4 Structure refinement 

Following de novo phasing experiments, an atomic model has to be built into the 

electron density from scratch. This process is not trivial, and takes a good deal of time 

and effort, especially at low to moderate resolution. During and after the building of an 

atomic model, iterative rounds of computer-based refinement are performed to impose 

needed structural restraints on the data, match the collected structure factor amplitudes 

to the calculated intensity amplitudes and to track the quality of the model. 

Structural refinement alternates between rounds of real space model building 

and computer based refinement. Real space model building refers to hands on 

manipulations of the protein structure, where the carbon backbone and side chains of 

protein residues are fit into the electron density to the best of the crystallographer’s 

capabilities. This process also includes additions of solvent molecules and, if present, 

ligands. Computer based refinement refines parameters such as the x, y, z coordinates 

and B-factors of each atom against experimental data while alerting us to or fixing 

structural geometry errors. Over time this process results in an improved model, and 

consequently, improved phases and a better map. 
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The ultimate aim of structural refinement is to minimize the target functions so 

that agreement between observed structure factor amplitudes (|Fobs|) and calculated 

amplitudes (|Fcalc|) is achieved. The quality of the model can be determined by tracking 

the R-factors, which describe the overall fit between diffraction data and the model:  

𝑅 =
| 𝐹!"# − 𝐹!"#! |

|𝐹!"#|
 

Before refinement a small fraction of data (~5%) is removed and excluded from 

refinement, these data are thus untouched or ‘free’ from refinement bias. This subset of 

data is used to generate Rfree using the R-factor equation above. The rest of the data is 

used during refinement and generates Rwork. An initial round of refinement for de novo 

model building should give an Rfree between 40-50%. As the model is improved we 

should see both R-factors drop. At some point in refinement, the R-factors will no longer 

improve and at this point the structure may be finished. Generally, the final Rfree should 

be below 10 x the resolution of the structure. Thus, a structure at 2.0 Å resolution, should 

have an Rfree of 20% or lower. Sometimes during refinement the Rwork will continue to 

decrease while the Rfree stays stable, this is generally a sign of over fitting the data. 

Similarly, a large gap between Rwork and Rfree is undesirable, and crystallographers try to 

keep this gap below 5%. However, all of these rules are clearly subject to exceptions and 

are data-quality driven. 

For MR solutions model building begins with the structure of the search model 

inside the electron density from the data. An initial round of computer-based refinement 
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with an MR solution should give an initial Rfree between 30-40%. The first step to refining 

an MR solution is to correct the protein sequence. Once the protein sequence is correct, it 

is worthwhile to do a round of computer-based refinement with simulated annealing for 

torsion angles to minimize bias from the torsion angles of search model residues. 

Afterwards, refinement is carried out as described above. 

At the end of refinement the protein model should have suitable R-factors and 

obey the geometry restraints imposed by the laws of nature with reasonable numbers of 

Ramachandran and rotamer outliers, for example. Validation of the structure is typically 

performed using MolProbity throughout the refinement process (78). The resulting 

protein structure is now suitable for analysis. 

2.2 Fluorescence anisotropy/polarization 

Fluorescence anisotropy (FA), often referred to as fluorescence polarization (FP), 

is a means to characterize the affinity between a protein and its binding partner such as 

other proteins, nucleic acids and small molecules. One of the main benefits of FA is that 

the experiment is performed in solution and can provide a measurement of binding at 

equilibrium. Additionally, as both binding partners are introduced into a common 

buffer, it is simple to vary ionic strength, divalent cation concentration, and the pH of 

the buffer. 
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FA takes advantage of the chemical process of fluorescence. In fluorescence, a 

fluorophore absorbs light and is excited vibrationally. As the fluorophore relaxes back to 

its original state, light is emitted at a longer wavelength. Fluorophores are known to 

depolarize the absorbed light intrinsically or extrinsically. FA experiments make use of 

extrinsic depolarization, which results from the rotation of the molecule in conjunction 

with fluorescence energy transfer. 

Essentially, polarized light is absorbed by a fluorophore that is rotating freely in 

solution. Rotation of the molecule during the lifetime of the excited state (τ) will result in 

a photon emitted in an alternate direction. Thus, the emitted light is no longer polarized. 

FA machines shine polarized light into the sample chamber at the excitation wavelength 

of the fluorophore (Figure 13). Following excitation, the instrument measures the 

intensity of light emitted by the sample that is parallel (I∥) and perpendicular (I!) to the 

excitation plane. With these values (I∥ and I!) the polarization (P) and the anisotropy (A) 

of the sample can be calculated: 

P =  
I∥ − I!
I∥ + I!

 ;  A =  
I∥ − I!
I∥ + 2I!

 

The values for polarization and anisotropy are directly relatable through the equations: 

A =
2P
3 − P

  and P =
3A
2 + A

 

Using these equations we can determine the overall polarization or anisotropy of a 

fluorescently labeled sample. 



 

 57 

 

Figure 13. Apparatus to measure FA/FP experiments. 

The monochromator selects for the excitation wavelength. The light is polarized before 
encountering the sample by passing through a vertical polarizer. With the excitation of 
the sample, fluorescence is achieved and the emitted light is polarized due to the 
anisotropy of the fluorophore in solution. The emitted light travels through polarization 
filters so that only emissions parallel or perpendicular to the excitation plane are 
measured. The filtered light is amplified by photomultipliers (PM) and the intensity for 
the parallel (I∥) and perpendicular contributions (I⊥) to the depolarized light is 
measured. With I∥ and I!, the polarization and anisotropy of the sample can be 
calculated. 
 

In order to characterize the interaction of a protein with a fluoresceinated ligand, 

we must titrate protein into the sample. The Perrin equation shows the relationship 

between anisotropy, the lifetime of fluorescence (τ), and the rotational correlational time 

(φ): 

A =
A!

1 + τ φ
 

monochromator 

= Vertical polarizer 

sample filter filter = = 

Polarization filters 

P�  P┴  

I┴  I�  

PM PM 
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With quick rotation, τ/φ reaches higher values and anisotropy (A) approaches zero; with 

slow rotation, τ/φ becomes smaller and A approaches A0 (the limiting anisotropy). As 

rotational diffusion is decreased, fluorescence anisotropy increases due to the anisotropy 

of the structure or increased size from binding. Molecular weight relates directly to 

rotational correlation time, if the fluorophore attains more mass, or interacts with an 

object with mass, the rotational correlation time of the fluorophore will also increase. 

Thus, if a protein binds a fluoresceinated ligand, the presence of a larger fluoresceinated 

complex in solution will result in increased polarization. As FA requires a change in 

anisotropy or polarization, the protein in the assay has to be sufficiently large to disturb 

the rotation of the fluoresceinated ligand. If not, there will be no detectable signal upon 

protein binding. 

At this point in our experiment, titration of protein into a sample containing a 

fluoresceinated ligand produces a change in the polarization of the sample if binding 

occurs. Plotting the total concentration of protein [R] against the measured polarization 

(Pmeas) gives a binding isotherm for the fluoresceinated ligand. Such a plot can be fit with 

a nonlinear least-square regression: 

P!"#$ = P!"# +
ΔP[R]
K! + [R]

 

Pmin and Pmax are the minimum and maximum values for polarization determined in the 

experiment, the difference between the two gives ΔP, and Pmeas is the polarization 

measured at each reading. At each reading, the concentration of protein ([R]) is known. 
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Thus, by fitting the binding curve, we can determine the affinity (as quantified by the 

dissociation constant or Kd) of the protein for the fluoresceinated ligand. In order to be 

confident in the calculated Kd, the binding curve should include concentrations of 

protein up to ten times the value of the Kd and the initial concentration of the 

fluoresceinated ligand should be ten times lower than Kd in order to assure equilibrium 

versus stoichiometric binding. 
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3. Structural and biochemical characterization of MglA 

Data indicate MglA operates alongside SspA as the heterodimer MglA•SspA, 

and that MglA•SspA is the functional “SspA protein” in Francisella (47). However, the 

question remains whether MglA functions independent to SspA. To gain insight into the 

structure and function of the MglA protein, a protein unique to Francisella, we carried 

out crystallographic and biochemical studies on this protein. The biochemical and 

structural characterization of MglA detailed here has been published (63). 

3.1 Structural characterization of MglA 

The structure of the F. tularensis MglA protein was determined by MAD. The 

crystal contains two molecules of MglA in the asymmetric unit (ASU), which form a 

dimer. The structure was refined to final Rwork and Rfree values of 17.3% and 22.8%, 

respectively, to 2.95 Å resolution (Table 2). Each MglA subunit harbors four β strands 

and 8 α helices (Figure 14A). The N-terminal region adopts a thioredoxin fold with a 

βαβαββα topology: β1 (residues 1-5) - α1 (residues 9-23) - β2 (residues 25-31) - α2 

(residues 33-47) - β3 (residues 54-57) - β4 (residues 60-62) - α3 (residues 64-76). 

Following the N-terminal thioredoxin fold is an all α helical C-terminal domain with 5 

helices: α4 (residues 85-111) - α5 (residues 116-142) - α6 (residues 156-172) - α7 (residues 

180-191) - α8 (residues 193-201). MglA shows the strongest sequence homology to SspA 

proteins. However, the sequence identity between MglA and these proteins is only 

~25%. Despite this low identity, Dali searches revealed that the MglA is structurally 
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most similar to SspA proteins whereby comparison of the structure of the MglA subunit 

with those of Y. pestis SspA (PDB ID: 1YY7) (51), P. putida SspA (PDB ID: 3MDK), and P. 

fluorescens SspA (PDB ID: 3LYP), resulted in root mean square deviations (rmsd) of 2.4 

Å, 1.9 Å and 2.0 Å, respectively (79). Thus, our structure unveils MglA as a new member 

of the SspA subclass of GST proteins.  

 

Figure 14. Structure of MglA and comparison to SspA and GST proteins. 

A) Homodimeric MglA shown from two angles. The right subunit of the dimer is 
labeled and colored according to its β strands (pink) and α helices (teal). B) 
Superimposition of the MglA dimer (teal) onto the dimer of Y. pestis SspA (pink) (PDB 
ID 1YY7). C) Superimposition of the MglA dimer (teal) onto the dimer of nematode C. 
elegans specific GST (yellow) (PDB ID 1ZL9). Although unexpected, MglA forms a dimer 
that is structurally similar in its arrangement to SspA dimers. 
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Figure 15. Interaction networks at the dimerization interfaces of F. tularensis 
MglA, Y. pestis SspA, and P. putida SspA. 

The buried surface area (BSA) at the MglA interface is ~2000 Å2, for Y. pestis SspA is 
~2300 Å2, and for P. putida SspA is ~2200 Å2. Hydrogen bonds by solid blue lines, and 
non-bonded contacts as dashed yellow lines. These representations were generated 
using PDBsum (80). 
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As mentioned above, MglA formed a dimer in the crystal. Formation of the 

MglA dimer results in an extensive buried surface area (BSA) of 2048 Å2, which is 

similar to the BSA observed in physiologically relevant oligomers, including GST 

dimers, which have BSAs ranging from ~2300 to 3200 Å2 (81). MglA homodimerization 

is primarily electrostatic and is mediated by 14 salt bridges formed between residues on 

α4 and α5, ten of which comprise hydrogen bonds (Figure 15). Specifically, Glu70, 

Asp74, Lys87, Arg89, Asn91, Arg93 and Glu97 interact with Asp59', Arg64', Glu70', 

Asp74', Arg89' and Arg93' participate in hydrogen bonds (where ' indicates the other 

subunit in the dimer) (Figure 15). The mode of homodimerization of MglA is similar to 

that of SspA proteins as the dimerization interfaces of Y. pestis, P. putida, and P. 

fluorescens SspA proteins are also primarily polar in nature. For example, in Y. pestis 

SspA, Arg96, Arg100, Arg109, Arg105, Glu81 and Tyr56 interact with Glu81', Tyr56', 

Arg96', Arg100', Arg105' and Asp109', respectively (Figure 15) (51). Superimposition of 

the MglA dimer onto the homodimers of Y. pestis SspA, P. putida SspA and P. fluorescens 

SspA results in root mean square deviations (rmsd) of 2.3 Å, 2.3 Å, and 2.5 Å, 

respectively (Figure 14B). By comparison, the MglA dimer is less analogous to canonical 

GST proteins; the MglA dimer superimposes with an rmsd of 4 Å onto the nematode C. 

elegans specific GST protein (Figure 14C). Indeed, similar to what is observed in SspA 

proteins, MglA dimerization is largely mediated by contacts between one region from 

each subunit. This leads to the creation of a V shaped morphology in the MglA dimer, 
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whereby the tightly interacting regions of the dimer combine to create a compact surface 

(“compact face”) while the opposite side of the dimer harbors a large and exposed cavity 

(“open face”) (Figure 14A).  

3.2 Oligomeric characterization of MglA 

The formation of the MglA dimer in the crystal was somewhat surprising, but as 

the BSA is similar to what is observed in functional oligomers it suggests the possibility 

that MglA might form a physiologically relevant dimer. To assess if MglA can form 

homodimers in solution, we performed size exclusion chromatography (SEC). SEC 

analyses performed on MglA at a concentration of 3 mg/mL revealed that the protein 

was monomeric under our experimental conditions (Figure 16A). By sharp contrast, a 

mixture of SspA and MglA at a similar concentration eluted entirely as a dimer (Figure 

16A).  

The SEC experiments revealed that MglA is a monomer in solution under the 

conditions tested. However, if the MglA dimer is labile, it would not be revealed by 

these studies as weaker oligomers typically dissociate when subjected to separation-

based techniques such as SEC. To test this hypothesis, MglA was crosslinked by 

glutaraldehyde before SEC analysis. Strikingly, the SEC profile showed two peaks, 

which corresponded to a monomeric (~34 kDa) and dimeric (~63 kDa) species of MglA 

(Figure 16B). The calculated molecular weight (MW) of monomeric MglA is ~24 kDa and 

dimeric MglA is ~48 kDa and the small differences between the experimentally 
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determined MW can be readily ascribed to the nonglobular shapes of the MglA 

monomer and dimer. Thus, the combined SEC and crosslinking data demonstrate that 

while MglA appears to preferentially heterodimerize with SspA, it can form weak 

homodimers in solution. This finding is consistent with previous two-hybrid studies, 

which demonstrated that MglA interacts with itself, but that the interaction was 

substantially reduced (7 to 8 fold) when compared to that observed in the same study 

between MglA and SspA (47). However, two-hybrid analyses do not conclusively 

indicate a direct interaction nor do they demonstrate that the interaction involves 

specific dimer formation. 

To further probe MglA dimerization and to assess specifically whether the dimer 

observed in the crystal is that observed in our crosslinking studies, we generated 

mutations in the interface of the crystallographically observed MglA dimer. Specifically, 

we mutated residues Asp59, Glu70 and Asp74, which the structure indicated are key to 

dimerization, to arginine residues and performed cross-linking and SEC on the mutant 

protein. The results revealed that MglA (D59R-E70R-D74R) protein did not form 

crosslinked dimers and elutes solely as a monomer (24.8 kDa), supporting the notion 

that the crystallographic MglA dimer is the transient MglA dimer found in solution 

(Figure 16B).  
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Figure 16. Size exclusion chromatography (SEC) and crosslinking analysis of 
MglA and MglA•SspA. 

A) S75 size exclusion chromatography profiles for MglA-MBP (blue), MglA (green) and 
MglA•SspA (red). MglA-MBP, MglA and MglA•SspA elute at 60 kDa (actual MW of 
monomer, 67 kDa), 27 kDa (calculated MW of a monomer, 24 kDa), and 51 kDa 
(calculated MW of the heterodimer, 48. kDa), respectively. B) SEC profiles from the S75 
column for crosslinked MglA and the DED MglA mutant protein. Crosslinked wild type 
MglA (blue trace) elutes at 139 mL and 164 mL, corresponding to a MW of 63 kDa 
(dimeric MglA) and 34 kDa (monomeric MglA), respectively. Crosslinked DED MglA 
(red trace) elutes solely as a monomer. The y axis is the normalized absorbance (mAu) 
for the crosslinked proteins and the x axis is the elution volume. 
 

3.3 Putative small molecule binding site in MglA structure 

The MglA structure was obtained using malate as a crystallization reagent. In the 

structure, electron density consistent with two malate molecules was found in the cleft 

within the open face of the dimer (Figure 17A). The pocket in which the malate 

molecules are bound is notably positively charged (Figure 17B). However, one malate, 

Mal2, is bound closer to positively charged residues, whereas the other malate, Mal1, is 

bound at the external face near the β sheet of the thioredoxin fold (Figure 17B,C). The 

relatively low resolution of the structure makes the precise docking of the malate 
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molecules into the density ambiguous and isothermal titration calorimetry experiments 

revealed no specific binding of malate by MglA, suggesting that the observed protein-

malate interactions likely occur only at the high malate concentrations (2.1 M) used for 

crystallization.  

Regardless, the finding that MglA interacts with malate, albeit only at higher 

concentrations, suggests the intriguing possibility that the open face of the dimer may 

function in binding small molecule ligands. Interestingly, in the Y. pestis SspA structure, 

citrate was used for crystallization and citrate molecules are bound similarly in an 

identical cleft (51). Moreover, overlays of MglA onto GST-GSH structures show that the 

GSH molecules are also bound in the same cleft in which the malates bind (Figure 

17A,C). However, analyses of these overlays indicate that MglA would likely not bind 

GSH nor would it catalyze the GST reaction as MglA is missing key residues that 

interact with GSH as well as those that are employed in the transferase activity by GST 

enzymes (Figure 17D). In particular, in place of the catalytic cysteine residue, MglA 

harbors an aspartic acid (Asp9), which would clash with the GSH cysteinyl moiety 

(Figure 17D). Further, a key lysine (Lys37) that contacts the GSH is not present in MglA. 

Indeed, the region corresponding to the loop that harbors Lys37 and encases the GSH 

adopts a different structure in MglA. However, to test whether MglA has any GST 

activity we carried out a dinitrobenzene conjugation-based assay. In these experiments, 

GST activity was measured for MglA, MglA•SspA and a GST control protein. The 
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results revealed that MglA and MglA•SspA are not active as GSTs as they cannot 

conjugate dinitrobenzene with reduced GSH, while the control GST protein displayed 

robust transferase activity (Table 3). We were unable to obtain enough purified, soluble 

F. tularensis SspA in the absence of MglA to assess its GST activity. However, Francisella 

SspA also lacks the GST catalytic residues strongly suggesting that this protein would 

not contain GST activity. Consistent with that hypothesis, previous studies have 

demonstrated that other SspA proteins have no GST activity (51). 
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Figure 17. The MglA-malate binding pockets. 

A) Two malate molecules (shown as spheres) are bound in the large cleft of the open 
face of the MglA dimer. Also shown, as yellow sticks, are the corresponding binding 
sites of GSH molecules obtained by superimposition of the E. coli GST-GSH complex 
onto the MglA structure (82). The inset below is a simulated annealing omit 2Fo-Fc map 
(blue mesh), contoured at 1.0 s and calculated after removal of the malate molecules 
followed by ten rounds of refinement using phenix.refine, with an initial temperature of 
2500 K and a final temperature of 300 K. The map is contoured around the malate 
molecules. B) Electrostatic surface representation (where blue and red represent positive 
and negative surfaces, respectively) of the MglA dimer with bound malates (shown as 
sphere) included to underscore the electropositive nature of their binding region. C) 
Comparison of binding site of Mal1 (cyan sticks) in MglA with the GSH binding site of 
two GST proteins. For these analyses, the thioredoxin fold of MglA was aligned with 
those of the E. coli GST (yellow sticks) (82) and the M. musculus maleylacetoacetate 
isomerase (pink sticks) (PDB ID: 2CZ2). D) Superimposition of an MglA subunit onto 
that of the N. gonorrhoeae GST protein bound to GSH (PDB ID: 4HOJ). The subunits 
superimpose with an rmsd of 1.9 Å for 181 corresponding Ca atoms. The overlay shows 
that the catalytic cysteine of the GST protein (Cys10) is replaced by an aspartic acid in 
MglA (Asp9), which clashes with the GSH as does the side chain of Tyr11. Moreover, a 
key GSH interacting loop and residues Lys37, Gln49, Glu62 and Gln106 are absent in the 
MglA structure. 
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3.4 Conclusions 

F. tularensis is categorized as a tier 1 bioterrorism agent by the US government, 

and possesses highly coordinated virulence machinery. Francisella virulence stems from 

a unique pathogenicity island (the FPI), the transcription of which is under control of 

SspA and MglA. These proteins bind RNAP and the transcription regulator PigR to form 

a MglA•SspA•PigR•RNAP complex. While the F. tularensis SspA protein shows 

significant sequence homology to other SspA proteins, MglA is unique to F. tularensis. 

Thus, to gain insight into the structure and function of this critical Francisella virulence 

factor we solved its structure and performed a series of biochemical studies. These data 

reveal that MglA is structurally similar to SspA proteins. Crystal packing revealed an 

MglA dimer that is highly similar in its arrangement to SspA dimers, with compact and 

open faces. Biochemical data suggest that MglA exists as a weak dimer in solution but 

that it preferentially heterodimerizes with SspA. Finally, MglA crystallized with malate 

bound to a cationic pocket of the open face of the dimer, which overlaps the GSH 

binding pocket of GST and the putative PigR interaction surface (76). Although we 

determined that MglA and MglA•SspA do not function as GSTs, small molecule ligand 

binding by these proteins may play a role in modulating their interactions with target 

proteins.  
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3.5 Materials and methods 

3.5.1 Expression and purification of MglA 

A gene encoding the F. tularensis ssp. holarctica MglA that was codon optimized 

for expression in E. coli was purchased from Genscript (Piscataway, NJ). This gene was 

cloned into the pMCSG9 vector such that it expressed a cleavable MBP tag fused to its 

N-terminus (83). The MglA-MBP expressing plasmid was transformed into C41(DE3) 

cells. For protein expression, the cells were grown at 37 ºC to an OD600 of 0.6-0.8 and 

induced with 0.5 mM isopropyl β-D-1-thio-galactopyranoside (IPTG). After IPTG 

addition, the temperature was reduced to 15 ºC and the cells grown overnight. The 

harvested cells were stored at -80 ºC until use. Cells were lysed in Buffer A (20 mM Tris, 

pH 7.5, 200 mM NaCl, 10% glycerol, 1 mM β-mercaptoethanol) with 7.5 mM imidazole, 2 

mg/L DNase I, and 1 mM PMSF using a microfluidizer. Cell debris was removed by 

centrifugation at 34,960 xg. The clarified supernatant was loaded onto a Ni-NTA column 

and washed with increasing concentrations of imidazole in Buffer A. The protein was 

eluted using Buffer A containing 0.25 to 2.0 M imidazole. To remove the MBP-tag, the 

protein was first buffer exchanged into Buffer A and then subjected to His6-TEV 

digestion overnight at room temperature. The treated protein sample was applied to a 

Ni-NTA column, which removed the tag, His6-TEV and uncleaved fusion protein. MglA 

was collected in the flow through and the protein further purified via size exclusion 

chromatography (SEC) using a Superdex S75 column. The buffer used for SEC was 20 
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mM Tris, pH 7.5, 200 mM NaCl, 10% glycerol, and 1 mM dithiothreitol (DTT). The 

protein purity was assessed from SDS-PAGE analysis and the protein concentration was 

determined using Bradford assays. 

Selenomethionine-substituted MglA protein was produced for phase 

determination by utilizing the methionine inhibitory pathway. Briefly, an overnight 

culture grown in Luria Broth (LB) and expressing MglA was centrifuged and the cell 

pellet thoroughly washed with M9 media to remove any methionine. Washed cells were 

resuspended in M9 media and used to inoculate 1.5 L flasks of M9 media. The cells were 

grown to an OD600 of ~0.4 at which point 50 mg/L selenomethionine and 40 mg/L amino 

acids that inhibit methionine biosynthesis were added and the temperature dropped to 

15 ºC. The cells were grown for an additional 15 min and 0.5 mM IPTG was then added 

to induce production of selenomethionine-substituted MglA. The cells were grown 

overnight and collected the next day by centrifugation. The purification of 

selenomethionine-substituted MglA was performed as for the wild type protein. 

3.5.2 Expression and purification of MglA•SspA and a GST control 
protein 

The F. tularensis SspA expression plasmid was provided by the Lorca lab 

(University of Florida) (84). For co-expression of MglA and SspA, the MglA-MBP 

construct was dicistronically cloned with sspA into pET28a and transformed into 

C41(DE3). In order to achieve this, both genes were amplified using PCR with primers 

encoding an NcoI site at the 5' end, and tandem NheI and BamHI sites at the 3' end. Both 
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genes were ligated into pET28a using NcoI and BamHI, sspA was then excised from 

pET28a using XbaI and BamHI and ligated into the mglA-MBP bearing pET28a. The 

resulting vector encodes both MglA-MBP and untagged SspA with an intergenic linker 

containing a ribosome-binding site allowing for expression of both genes. For protein 

expression, 1.5 L cultures of the cells were grown at 37 ºC until an OD600 of 0.6-0.8 was 

reached. Protein expression was then induced by addition of 0.5 mM IPTG. Cells were 

harvested 3 hrs after induction and stored at -80 ºC. MglA•SspA was purified by the 

same protocol used to purify MglA. Both proteins are present at equal concentrations as 

shown by SDS-PAGE analysis. The glutathione-S-transferase (GST) expressed from 

pET41a was used as the control in transferase activity assays. The protein was expressed 

and purified using the same protocol used to purify MglA•SspA, with the exception 

that no TEV digestion was necessary.  

3.5.3 GST activity assays 

The glutathione transferase activity of MglA, MglA•SspA and GST was 

determined by a continuous spectrophotometric assay, which follows the conjugation of 

1-chloro-2,4-dinitrobenzene (CDNB) to reduced GSH. Reactions were performed at 25 ºC 

with concentrations of 97 mM potassium phosphate, 0.97 mM 

ethylenediaminetetraacetic acid (EDTA), 2.5 mM reduced GSH, 1 mM CDNB, and 3.2 % 

ethanol. For each protein, the above reagents were mixed and after the baseline was 

established, 5 µg of protein (either GST, MglA or MglA•SspA) was added to the sample. 
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The resulting increase in absorption at 340 nm was measured for 5 min. As a control, a 

blank reaction was prepared without the addition of enzyme and the absorption at 340 

nm was recorded. Enzyme activities were calculated using the equation: 

Enzyme units mL =  
1.5 mL × (𝐴!"#𝑚𝑖𝑛 !"#! −  𝐴!"#𝑚𝑖𝑛!"!"#)

9.6 ×0.05 mL
 

A340/min was obtained using the maximum linear rate for both the test and the 

blank sample. In the reaction, 1.5 mL represents the total reaction volume, 9.6 is the 

millimolar extinction coefficient of CDNB at 340 nm, and 5 µg of protein that was added 

in 0.05 mL volume. One unit will conjugate 1 mmole of CDNB per minute at pH 6.5 at 25 

ºC per mg of protein. 

3.5.4 Size exclusion chromatography (SEC) studies 

For SEC studies on MglA, MglA-MBP and MglA•SspA, proteins at ~3 mg/mL 

were injected onto a Superdex S75 column pre-equilibrated with 20 mM Tris pH 7.5, 250 

mM NaCl, 10% glycerol and 1 mM DTT. Molecular weights for the peaks were 

extrapolated using the resultant elution volumes for protein standards run on the 

Superdex S75 column. 

3.5.5 Protein crosslinking-SEC experiments 

For SEC analysis of glutaraldehyde-crosslinked MglA, 20 mg of purified MglA at 

0.5 mg/mL in 50 mM Hepes, pH 7.5, 50 mM NaCl, and 0.1 mM EDTA were crosslinked 

with 4 mL of 2.3% glutaraldehyde for 5 min. The reaction was quenched with 4 mL of 
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2.0 M Tris, pH 7.5. The crosslinked protein was concentrated to 5 mg/mL before injection 

onto the Superdex S75 column. The buffer used for SEC was 20 mM Tris, pH 7.5, 250 

mM NaCl. The triple MglA mutant, MglA (D59R-E70R-D74R) (or DED MglA) was made 

by site-directed mutagenesis following the protocol provided by the manufacturer and 

purified as per the wild type protein. Purified DED MglA was subjected to crosslinking 

and SEC following the same methods used for the wild type protein. The majority of 

DED MglA protein (>70%) was lost during crosslinking to precipitation. SEC was 

performed with 1.4 mg of DED MglA. The sample elution volumes of the proteins were 

plotted against a standard curve to determine the relative molecular weights of the 

samples. 

3.5.6 Structure determination of MglA  

Crystals of MglA and selenomethionine-substituted MglA were grown using 2.1 

M Malic acid, pH 7.0 as the crystallization solution. The structure was determined using 

multiple wavelength anomalous diffraction (MAD) from data collected on a 

selenomethionine-substituted MglA crystal. For the MAD experiment, X-ray intensity 

data were collected at three wavelengths (peak, inflection and remote) at ALS 

(Advanced Light Source) beamline 8.3.1 at University of California Berkeley (Table 2). 

The images were integrated using Mosflm (85) and scaled with SCALA (86,87). The 

heavy atom substructure was obtained using SOLVE and phases and density 

modification carried out in CNS. Although the map was of excellent quality, the 



 

 76 

resolution was not sufficient to permit autotracing (88,89). Hence, the structure was 

constructed manually using Coot (90). The structure was refined with phenix.refine to 

final Rwork and Rfree values of 17.3% and 22.8%, respectively (91). The final structure 

includes residues 1-201 and 1-197 for two MglA molecules in the crystallographic 

asymmetric unit (ASU), 2 malate molecules and 70 water molecules (78). Final 

refinement statistics are listed in Table 2. 

3.5.7 Protein Data Bank accession code 

The MglA coordinates and structure factors have been deposited in the RCB 

Protein Data Bank under the accession code 4PUR. 
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Table 2. Selected MglA data collection, processing and refinement statistics. 

 MglA Selenomethionine 
 Peak Remote Inflection 

Data collected at ALS 8.3.1 ALS 8.3.1 ALS 8.3.1 
Energy (eV) 12657 12957 12655 
Resolution (Å) 100.05-2.95 100.05-2.88 100.05-2.98 

 (3.11-2.95)1 (3.04-2.88) (3.14-2.98) 

Space group P61 P61 P61 
a, b, c (Å) 104.7, 104.7, 100.5 104.7, 104.7, 100.5 104.7, 104.7, 100.5 
α,β,γ (º) 90, 90, 120 90, 90, 120 90, 90, 120 
Completeness (%) 99.8 (100) 99.8 (100) 99.8 (100) 
Redundancy 3.6 (3.6) 3.6 (3.7) 3.6 (3.7) 
I/σI 11.2 (3.2) 10.9 (2.6) 11.7 (3.6) 
Rsym2 0.07 (0.35) 0.07 (0.43) 0.06 (0.31) 
Refinement and protein geometry analysis3 

Rwork / Rfree (%)4 17.3/22.3 RMS deviations 0.01/1.24 
Ramachandran favored/outliers (%) 98/0 Poor rotamers (%) 2.4 
Cβ deviations (>0.25 Å) 0.25 Bad backbone bonds/angles  0/0.25 % 

 
No. atoms 

Protein 
Malate 

Water molecules 

 
3240 
18 
44 

B-factors 
Protein 
Malate 
Water molecules 

 
45.0 
62.0 
32.2 

Bond lengths rmsd (Å) 0.007 Bond angles rmsd (Å) 1.24 
 

 

  

                                                        

1 Values in parentheses are for the highest resolution shell. 
2 Rmerge = ΣΣ|Ihkl-Ihkl(j)|/ ΣΣ|Ihkl(j)|, where Ihkl is observed intensity and Ihkl(j) is the final average value of 
intensity. 
3 Protein geometry analysis performed by MolProbity (78). 
4 Rwork = Σ||Fobs| - |Fcalc||/Σ|Fobs| and Rfree = Σ||Fobs| - |Fcalc||/Σ|Fobs|; where all reflections belong to a test 
set of 5% randomly selected data 
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Table 3. GST activity measurement of Francisella tularensis MglA, 
MglA•SspA and GST. 

Protein GST activity ± SD (Activity units / mg protein) 

GST 1.46 ± 0.01 

MglA 0 ± 0.03 

MglA•SspA 0.07 ± 0.09 
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4. Structural and biochemical characterization of 
MglA•SspA and its interaction with ppGpp 

Work with Francisella MglA reinforced that the MglA•SspA complex is the 

physiologically relevant SspA family member in Francisella. The MglA•SspA 

heterodimer, through contacts with both RNAP and PigR, appears to hold the 

MglA•SspA•PigR•RNAP complex together. Understanding the structure of 

MglA•SspA could provide critical information about complex formation and FPI 

regulation. Consequently, we employed X-ray crystallography to characterize the 

MglA•SspA complex. As the mechanism through which ppGpp affects the activity of 

MglA•SspA•PigR•RNAP is unclear, we sought to determine which component or 

components directly interact with ppGpp. Using DRaCALA our collaborator was able to 

assay MglA•SspA and PigR for interactions with ppGpp, and found that MglA•SspA 

alone binds ppGpp. We characterized this interaction using X-ray crystallography and 

by performing DRaCALA with structure-guided MglA•SspA mutants that would 

disrupt ppGpp binding.  

4.1 Structural characterization of MglA•SspA 

We sought to determine the structure of MglA•SspA to better understand the 

biological function of MglA•SspA and the requirement for a heterodimeric SspA in 

Francisella. The structure of MglA•SspA was solved by molecular replacement using 
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subunits from the structures of F. tularensis MglA (pdb ID 4PUR) and Y. pestis SspA (pdb 

ID 1YY7) as search models (51,63). The final structure was refined to 2.65 Å resolution to 

an Rwork and Rfree of 20.5 and 25.9%, respectively (Table 4). The crystal contains two 

molecules of both MglA and SspA per asymmetric unit (ASU), forming two 

heterodimers. The two heterodimers are essentially identical with a root mean square 

deviation (rmsd) of 0.36 Å over 301 Cα atoms.  

The MglA subunits of the MglA•SspA complex are very similar to the structure 

of the previously described MglA homodimer (Figure 18A) (63). Indeed, MglA 

homodimer subunits align to the MglA subunits of the MglA•SspA complex with an 

average of 0.44 Å rmsd over ~166 Cα atoms. As previously described, the MglA subunits 

are composed of a thioredoxin fold (βαβαββα topology) followed by five α-helices. The 

thioredoxin fold is composed as follows: β1 (residues 1 – 5) -α1 (residues 10 – 21) - β2 

(residues 27 - 31) - α2 (residues 36 – 47) - β3 (residues 54 – 57) - β4 (residues 60 – 62) - α3 

(residues 65 –76). The five α-helices following the thioredoxin fold are: α4 (residues 85 – 

111) – α5 (residues 117 – 149) – α6 (residues 157 – 172) – α7 (residues 181 - 192) – α8 

(residues 194 - 200). 

The Francisella SspA structure has a fold similar to MglA; superimpositions of 

SspA subunits to MglA subunits in the MglA•SspA structure and to the MglA subunits 

in the homodimeric MglA structure resulted in average rmsds of 1.47 Å over ~88 Cα 

atoms. Like MglA, SspA is composed of four β-strands and 8 α-helices (Figure 18A). The 
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SspA subunit resembles a typical SspA family member with the N-terminal βαβαββα 

topology of the thioredoxin fold: β1 (residues 4 – 8) - α1 (residues 13 – 25) - β2 (residues 

30 – 34) - α2 (residues 40 – 46) - β3 (residues 53 – 56) - β4 (residues 59 – 61) - α3 (residues 

66 – 75). Following the thioredoxin fold is the all helical region composed of five α-

helices: α4 (residues 85 – 112) – α5 (residues 116 – 134) – α6 (residues 149 – 164) – α7 

(residues 175 - 185) – α8 (residues 187 - 194). The two SspA subunits in the ASU, overall, 

are structurally similar and align with an rmsd of 0.52 Å over 170 Cα atoms.  

There is an extensive interaction network at the MglA•SspA heterodimeric 

interface. The MglA•SspA heterodimer has an average buried surface area (BSA) of 

~1,880 Å2 with 18-22 hydrogen bonds at the interface (Figure 18B). Heterodimerization 

interactions occur between residues on the α3 and α4 helices and on the loop between 

the β4 strand and α3 helix of MglA, and on the α3 and α4 helices and on the loop before 

and after the β4 strand of SspA. There are slight differences between the hydrogen bond 

network at the heterodimeric interface in the two heterodimers, however 17 hydrogen 

bonds are conserved and likely represent the key contacts in this interface. The 

hydrogen bond network at the interface is composed by interactions between MglA 

residues Asp59, Arg64, Glu70, Asp74, Lys87, Arg89, Asn91, Arg93 and Glu907, and 

SspA residues Tyr59, Asn63, Tyr70, Glu73, Asn86, Arg88, Arg89, Lys90, Arg92, Asp96, 

and Glu101 (Figure 18B). Interestingly, the same helices (α3 and α4) provide interface 

contacts in the MglA homodimer; however, the interface of the MglA homodimer 
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contains fewer hydrogen bonds (10 total), and only includes residues in or near the β4 

strand for one MglA subunit (Asp59). 

 

Figure 18. Structure of MglA•SspA and heterodimerization interface. 

The MglA•SspA structure shown as a cartoon. MglA and its residues are colored teal 
whilst SspA and its residues are colored in yellow. A) MglAA•SspAC overlaid onto the 
MglA homodimer (colored blue). The secondary structures of the heterodimer are 
labeled. B) Hydrogen bond network of the heterodimerization interface of 
MglAB•SspAD. Green dashed lines indicate hydrogen bonds. C) View of the compact 
face or RNAP interaction surface of MglA•SspA. Surface view of MglA•SspA with 
conserved RNAP-interacting residues shown as sticks. 
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Interactions between SspA family proteins and the RNAP stem from conserved 

residues at the compact face of the protein. In E. coli, mutating SspA residues Pro84, 

His85, Pro86 and Tyr92 reduced SspA activity. A triple alanine SspA mutant P84A, 

H85A, P86A and a double alanine SspA mutant H85A, Y92A show dramatic reduction 

in their ability to complement acid-resistance in E. coli or support phage P1 growth (51). 

The Pro84, His85, Pro86 sequence is almost completely conserved across the SspA 

family, with notable exceptions being the F. tularensis SspA proteins (Figure 4C). While 

the proline residues are conserved in Francisella, the conserved histidine residue is 

replaced by a phenylalanine residue in MglA (Phe78) and an alanine residue in SspA 

(Ala77). In SspA family members, Tyr92 is usually conserved, though occasionally 

aspartate or glutamate residues are observed, but in F. tularensis MglA and SspA, 

phenylalanine (Phe85) and valine residues (Val84), respectively are observed. Thus, 

MglA•SspA, when compared to other SspA family members, presents different amino 

acid residues to the RNAP. Further, unlike homodimeric SspA proteins, MglA•SspA 

presents an asymmetric surface to the RNAP (Figure 18C). Notably, MglA•SspA is 

hypothesized to recognize the heterodimeric α subunits of the F. tularensis RNAP (47). 

4.2 MglA•SspA interacts directly and specifically with ppGpp  

The alarmone ppGpp is involved in FPI transcription; however, the mechanism 

of ppGpp-involvement is unclear. An initial study has indicated a potential role for 
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ppGpp in promoting the interaction between PigR and MglA•SspA, while the 

interaction of MglA•SspA with the RNAP appears to be independent of ppGpp (23). 

However, it was unclear whether ppGpp binds directly to any of the SspA, MglA, or 

PigR components or whether it acts in an indirect manner. Thus, to test whether ppGpp 

interacts with any of these key FPI regulatory components, our collaborator used 32P-

ppGpp in DRaCALA binding assays (Differential Radial Capillary Action of Ligand; 

adapted from Roelofs et al., 2011) to analyze possible interactions with these proteins. In 

DRaCALA experiments, proteins are incubated with radiolabeled ligand and then 

spotted onto nitrocellulose filters. Bound ligand is detected as label retained in a central 

spot where protein adheres to the filter, while unbound ligand diffuses from the protein, 

allowing determination of the fraction of total counts bound by the protein. This assay 

has been used previously to detect specific binding of 32P-ppGpp to E. coli RNA 

polymerase (92). DRaCALA is advantageous for ppGpp-binding experiments in that it 

requires very little ligand. As ppGpp is prohibitively expensive, this poses an advantage 

to other binding assays such as isothermal titration calorimetry. Further, while 

fluorescently labeled ppGpp could be produced for fluorescence-based assays, the 

introduction of a fluorophore to a ligand can disrupt binding interactions. In DRaCALA, 

the radiolabel on 32P-ppGpp does not alter the ligand to disrupt interactions with 

proteins. 
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Figure 19. 32P-ppGpp binds specifically to MglA•SspA. 

A) and B) Representative DRaCALA binding experiments in which 10 nM 32P-ppGpp 
and increasing concentrations of purified MglA•SspA, MglA or PigR (2 µM-64 µM), or 
E. coli SspA (2 µM-32 µM) were analyzed for binding. Duplicate filters are shown for 
each binding reaction. Filters from samples lacking protein are shown in bottom row 
(Buffer) as controls. C) Percent of total 32P-ppGpp counts bound as a function of protein 
concentration (2 µM-64 µM). Values are averages with standard deviations from 
multiple independent experiments like that shown in (A). For WT MglA•SspA n=7; or 
for MglA or PigR, n=2. D) Effect of unlabeled competitor nucleotides (1 mM) on 32P-
ppGpp binding to 16 µM MglA•SspA. Values were normalized to that for binding to 16 
µM MglA•SspA in the absence of added competitor, and are averages and ranges from 
two independent experiments.  

 

In binding assays with MglA•SspA, the fraction of 32P-ppGpp bound increased 

as a function of MglA•SspA concentration (0-64 µM; Figure 19A,B). In contrast, little or 

no ppGpp binding to MglA was observed, nor was it observed with PigR (Figure 19A). 

To determine whether MglA•SspA-ppGpp binding was specific to F. tularensis SspA, we 
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assayed E. coli SspA for ppGpp binding using DRaCALA. E. coli SspA binds ppGpp very 

poorly with a Kd estimated to be greater than 1 mM, indicating the interaction between 

MglA•SspA and ppGpp is unique to Francisella and is not a feature of the SspA family 

as a whole (Figure 19B). ppGpp binds MglA•SspA specifically since unlabeled ppGpp 

was an effective competitor for 32P-ppGpp binding, while GTP competed weakly and 

ATP, CTP and UTP did not compete (Figure 19D). Notably, Mg2+ was required for the 

interaction between MglA•SspA and ppGpp (data not shown).  

The DRaCALA assay yields Kd estimates consistent with values determined by 

other methods (93). We estimated a Kd of ~9 µM for 32P-ppGpp-MglA•SspA binding 

(Figure 19A-C), a value consistent with the range of ppGpp concentrations present in E. 

coli (from low micromolar concentrations in logarithmic growth in rich media up to 1 

mM during the stringent response; (94)).  

4.3 The structure of MglA•SspA bound to ppGpp 
(MglA•SspA•ppGpp) 

In order to understand how MglA•SspA specifically recognizes and binds 

ppGpp, the crystal structure of MglA•SspA bound to ppGpp was determined 

(MglA•SspA•ppGpp). The MglA•SspA•ppGpp complex crystallized under conditions 

similar to apo MglA•SspA and the structure was determined by molecular replacement 

(Materials and methods). Like the apo structure, the ppGpp-bound MglA•SspA 

complex structure revealed an ASU containing two molecules each of MglA and SspA 
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forming two heterodimers, where each MglA•SspA heterodimer binds one molecule of 

ppGpp. The data were refined to 2.8 Å resolution to a final Rwork and Rfree of 21.2 and 

26.5%, respectively (Table 4). 

The two heterodimers in the ASU are structurally equivalent. Alignment of the 

two heterodimers gives an rmsd of 1.05 Å over 254 Cα atoms, of the two MglA subunits 

gives an rmsd of 0.41 Å over 185 Cα atoms, and of the two SspA subunits an rmsd of 

0.45 Å over 157 Cα atoms. The MglA subunits of MglA•SspA•ppGpp are almost 

identical to the apo structure subunits (Figure 20A). Direct comparison of MglA 

subunits between the apo and ppGpp-bound structures gives an average rmsd of 0.34 Å 

over ~177 Cα atoms. The SspA subunits show more flexibility than the MglA subunits, 

but still are structurally similar with an average rmsd of 0.55 Å across ~160 Cα atoms 

between apo and ppGpp-bound structures. Further, alignment of the entire apo-

heterodimer to the ppGpp-bound heterodimer gives an average rmsd of 0.77 Å over 

~322 Cα atoms, which indicates that there are no significant changes in the complex 

upon ppGpp binding (Figure 20A). 

The interaction surface is also equivalent to the apo-form with an average BSA of 

~1870 Å2 for the ppGpp-bound heterodimer and 17-21 hydrogen bonds at its interface. 

Comparison of the ppGpp-bound interface to the apo-form shows an essentially 

identical interface with the exception of the presence of a hydrogen bond between MglA 

Ser66 and SspA Lys65 in the ppGpp-bound form. 
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Figure 20. Structure and ligand binding analysis of the MglA•SspA•ppGpp 
complex. 

MglA is shown in teal, and SspA in yellow, carbon atoms of ppGpp are purple, and the 
Mg2+ ion is shown as a green sphere. A) Crystallographic structure of the 
MglAA•SspAC•ppGpp complex overlaid on the apo-MglAA•SspAC (grey). MglA of both 
structures is used for the alignment. Inset is a view of the bound ppGpp molecule and its 
2Fo-Fc omit electron density (blue mesh) contoured at 1 σ. B) Electrostatic surface of the 
open face of MglAA•SspAC•ppGpp. C) and D) 2Fo-Fc omit electron density (blue mesh) 
contoured at 1 σ (C) and Fo-Fc omit electron density (green mesh) contoured at 3 σ (D) 
for ppGpp molecule. E) Coordination of Mg2+ ion by ppGpp and SspA Asn100. 
Hydrogen bonds are shown as green dashes. F) Stereoview of the MglAA•SspAC binding 
site of ppGpp. Hydrogen bonds are shown with dashed green lines.G) Positions of PigR 
interaction mutants identified by Rohlfing et al. in the MglA•SspA•ppGpp structure. H) 
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and I) MglA•SspA•32P-ppGpp binding isotherms of WT MglA•SspA, 
MglA•SspA(V105E) or MglA(T47A)•SspA in (H) or to WT MglA•SspA, 
MglA•SspA(K65E), MglA(Y11A)•SspA or MglA(R64A)•SspA in (I) as a function of 
protein concentration. Values for MglA•SspA variants are averages with standard 
deviations from three or four independent DRaCALA binding experiments. 

 

The binding of ppGpp by MglA•SspA occurs at the open face of the heterodimer 

with the MglA subunit providing the majority of protein contacts (Figure 20). Analysis 

of the electrostatic surface of MglA•SspA reveals that ppGpp binds to a positively 

charged patch of the open face (Figure 20B). B-factors describe the displacement of 

atomic positions, higher values indicate more mobile atoms and lower values indicate 

atoms fixed in position. Comparison of the B-factors for residues in MglA•SspA and for 

bound ppGpp and Mg2+ are roughly equal, highlighting how tightly the protein residues 

coordinate ppGpp and Mg2+. While the average B-factor for atoms across all the protein 

residues of the MglA•SspA•ppGpp structure is 58 Å2, the ppGpp and Mg2+ ion give 

average B-factors of 51 and 57 Å2. This indicates that bound ppGpp molecules and Mg2+ 

ions are as fixed in position as the rest of the protein structure. 

The structure of MglA•SspA•ppGpp shows clear electron density for the bound 

ppGpp and Mg2+ ion, allowing for an unambiguous placement of bound ligands into the 

electron density (Figure 20C,D). Effector proteins that bind ppGpp, bind ppGpp in one 

of two potential conformations: an elongated conformation or a ring-like conformation 

(95). The MglA•SspA bound ppGpp molecule is coordinated by a single Mg2+ ion to 
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adopt a ring-like conformation (Figure 20). DRaCALA analyses revealed that Mg2+ is 

required for ppGpp binding by MglA•SspA. The structure reveals the requirement for 

this divalent cation as Mg2+ forms a key part of the MglA•SspA•ppGpp complex. 

Specifically, the Mg2+ ion, which is octahedrally coordinated, binds three phosphate 

oxygen molecules of ppGpp: 5’-ribose attached phosphate-B (2.1 Å average coordinating 

distance), and 3’-ribose attached phosphate-C (2.6 Å) and phosphate-D (2.2 Å) (Figure 

20E). The coordination of the highly charged pyrophosphate groups of ppGpp by the 

Mg2+ ion likely stabilizes the binding of ppGpp, effectively shielding the charge and 

restricting the movement of the pyrophosphates. Additionally, SspA residue Asn100-

Oδ1 acts as a coordinating ligand for the Mg2+ ion, with an average distance of 3.4 Å 

(Figure 20E). The bound Mg2+ ion is not fully coordinated in either heterodimeric 

MglA•SspA•ppGpp structure, which is likely due to the resolution of the structure and 

the absence of electron density for coordinating water molecules. 

Competition experiments show MglA•SspA preferentially binds ppGpp, and to 

a lesser extent GTP, but not ATP, UTP or CTP (Figure 19D). The MglA•SspA•ppGpp 

structure shows the guanine-base of ppGpp is coordinated exclusively through 

interactions with backbone and side chains of MglA residues (Figure 20F). Specifically, 

backbone interactions are provided by hydrogen bonds between MglA Leu65 N and N7 

(average interaction distance of 3.3 Å for both MglAA and MglAB, respectively) and 

Leu65 N and O6 (average interaction distance of 4.0 Å), and between MglA Ile52 O and 
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the hydrogen on N1 (2.9 Å). Combined these complementary donor-acceptor 

interactions provide the exquisite specificity for guanine and rule out adenine. Side 

chain interactions include a hydrogen bond between MglA Gln105 Oε1 and ppGpp N3 

(3.5 Å). MglA Tyr11 appears to be critical in ppGpp binding through stacking 

interactions between its aromatic side chain and the guanine base. In addition MglA 

residues Asn100 and Gln105 both hydrogen bond to the O4’ ribose group (Asn100 Nδ2 

to O4’: 3.4 Å; Gln105 Nε2 to O4’: 3.7 Å, distances given as averages between 

heterodimers). We do not anticipate MglA•SspA residues could provide any high 

affinity coordination of the pyrimidine bases cytosine and uracil/thymine due to 

structural differences and the smaller size of a pyrimidine as compared to a purine. This 

statement is supported by the inability of UTP or CTP to displace ppGpp in our 

DRaCALA experiments. 

Beyond the guanine-base recognition, the ppGpp molecule is stabilized by a 

large number of hydrogen bonds and electrostatic interactions between MglA•SspA and 

the pyrophosphates of ppGpp. In both heterodimers, five phosphate oxygen atoms are 

coordinated by MglA Arg64 with average coordination distances for: NH1 to O1β of 3.1 

Å, NH1 to O2α of 2.5 Å, NH1 to O3α/O3β of 3.2 Å, NH2 to O2δ of 3.0 Å, and NH2 to 

O3δ of 3.6 Å. MglA Lys101 Nζ forms a hydrogen bond with ppGpp phosphate oxygen 

O2β/O3β with an average distance of 3.1 Å. Contacts are also provided by SspA residue 

Lys65, and potentially through SspA residue Asn100. SspA Lys65 Nζ forms two 



 

 92 

hydrogen bonds with phosphate oxygen atoms in both heterodimers (Nζ to O1β/O2α or 

O2α/O3α: 3.6 Å or O2α/O3α: 3.4 Å, on average) while SspA residue Asn100 Nδ2 forms a 

hydrogen bond only in MglAA•SspAC to phosphate oxygen O1β: 3.3 Å. 

 

Figure 21. Comparison of ppGpp-binding by MglA•SspA and glutathione-
binding by Glutathione-S-Transferases (GSTs). 

MglA•SspA utilizes the thioredoxin fold of MglA for ppGpp-binding and thus bound 
ppGpp aligns closely to the glutathione binding site of GST. The Ec SspA protein is 
shown in purple (82) and the MglA•SspA complex is shown in yellow. A) Alignment of 
the thioredoxin folds of GST and MglA results in aligned glutathione and ppGpp ligand 
pockets. Differences in GST homodimerization result in poor alignment with the SspA 
subunit, and clashes between the GST α4 dimerization helix with the bound ppGpp. B) 
The ppGpp binding site clashes with GST α4 dimerization helix, but is accommodated 
by the open face of MglA•SspA. C) Alignment of the thioredoxin folds of M. musculus 
GST (pink), E. coli GST (purple), homodimeric MglA (white), and MglA of MglA•SspA 
(teal) shows similar binding loci of the germane ligands of each protein: glutathione, 
malate and ppGpp. The white arrow represents the shifted position of the ppGpp-
binding site by MglA•SspA relative to bound glutathione in GST proteins. 
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MglA•SspA binds ppGpp in a pocket near the thioredoxin fold of MglA. 

Strikingly, this binding site aligns to the glutathione binding site of GST proteins and the 

malate-binding site observed in the MglA homodimer (Figure 21). Comparison of GST, 

MglA homodimer and MglA•SspA binding sites reveals that MglA•SspA binds the 

ppGpp molecule closer to the dimerization interface than GST binds glutathione 

molecules (a shift to the left in Figure 21C). The result is that the guanine of ppGpp 

aligns with the C1-to-C3 atoms of the bound malate in the MglA homodimer structure 

and with the N1-Cα1-to-Cδ1-Oε1 atoms of the GST-bound glutathione. E. coli GST is 

unable to bind ppGpp as the pyrophosphates, ribose and bound Mg2+ of ppGpp 

superimpose onto the α4 dimerization helix of GST revealing significant steric clash 

(Figure 21A,B). By contrast, MglA•SspA and other SspA family proteins form an “open 

face” in their mode of dimerization. The SspA mode of dimerization is strikingly 

different to most GST proteins, which do not produce the large cavity of the open face 

upon dimerization. Thus, while GST proteins cannot accommodate ppGpp, MglA•SspA 

and other SspA proteins can spatially accommodate a ppGpp molecule in this mode of 

binding at the thioredoxin fold. 
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4.4 Confirmation of crystallographic ppGpp-binding site in 
MglA•SspA 

The ppGpp binding pocket of MglA•SspA occurs in the open face of the protein 

at the putative PigR interaction surface (76). Indeed, several residues involved in ppGpp 

binding were implicated to be important in the interaction of MglA•SspA with PigR 

(Figure 20G). Specifically, mutations of MglA residues to Y11A, T47A, P48S, Y63A, 

R64A, and K101E, and SspA mutants, K65E and V105E, impaired or abrogated the 

interaction of MglA•SspA with PigR in bridge-hybrid experiments (76). Strikingly, our 

structure reveals several of these residues are involved in ppGpp-coordination, 

including MglA residues Y11, R64 and K101, and SspA residue K65 (Figure 20G). In 

order to determine the effect of these MglA•SspA mutations on ppGpp-binding, we 

performed DRaCALA with ppGpp-coordinating residue mutations, MglA 

(Y11A)•SspA, MglA (R64A)•SspA, and MglA•SspA (K65E), in parallel with non-

ppGpp coordinating controls, MglA (T47A)•SspA and MglA•SspA (V105E). Strikingly, 

mutations to ppGpp-binding residues, MglA (Y11A)•SspA, MglA (R64A)•SspA, and 

MglA•SspA (K65E), resulted in severely-impaired ppGpp binding (Figure 20I), while 

mutations to non-ppGpp-binding residues, MglA (T47A)•SspA and MglA•SspA 

(V105E), resulted in near wild type ppGpp-binding (< 2-fold reduced; Figure 20H). 

These results confirm that the crystallographically determined MglA•SspA ppGpp-

binding site is physiologically relevant, and highlight the importance of these residues in 
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ppGpp-binding. These data also indicate that the ppGpp-binding site is involved in PigR 

binding and suggest that the interaction of ppGpp with MglA•SspA may affect or 

modulate the mechanism of PigR binding to the heterodimer. 

4.5 Discussion 

The structure of MglA•SspA, though heterodimeric, is typical of a SspA protein 

family member as it contains the same structural topology including a thioredoxin fold 

for each protein subunit, and forms a solvent exposed open face through dimerization. 

Our structural characterization of MglA•SspA shows a novel asymmetric binding 

surface for RNAP. Further, we have discovered and characterized the binding of ppGpp 

by MglA•SspA, which is likely a physiologically relevant interaction specific to F. 

tularensis species. 

Before the discovery of Francisella SspA, MglA was believed to act alone as a 

transcriptional regulator. However, while MglA is stable in the absence of SspA, MglA 

homodimerization is transient and only observed at nonphysiological concentrations, 

including those used in its crystallization (Chapter 3, (63)). The highly stable, 

preferential interaction between MglA and SspA indicate MglA•SspA is the only 

physiologically relevant SspA dimer in Francisella. The crystal structure of MglA•SspA 

revealed that while the BSA and the number of salt bridges are quite similar at both the 

MglA•SspA and MglA•MglA interface, the MglA•SspA heterodimeric interface has a 
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larger network of hydrogen bonds (17 hydrogen bonds) than we observe in the MglA 

homodimer (10 hydrogen bonds). Potentially, these additional hydrogen bonds are 

responsible for the preference for MglA•SspA heterodimer formation compared to 

MglA homodimerization. Another interesting difference to the MglA homodimeric 

interface is the slight shift in the MglA•SspA interface to include residues in or near the 

β4 strand in addition to the α3 and α4 helices for both the MglA and SspA subunit. 

Specifically, in both heterodimers found in the ASU, SspA residue Tyr59 on β4 and 

MglA residue Asp58, between β3 and β4, participate in hydrogen bonds, while in the 

MglA homodimer Asp59 participates in hydrogen bonds at the interface, but only for 

one MglA subunit. Analysis of other SspA family members revealed a similar extension 

of the dimerization face to residues beyond the α3 and α4 helices, while these 

interactions are asymmetric in the MglA homodimer. 

We have determined that the MglA•SspA complex, which is unique to 

Francisella, specifically binds and recognizes the alarmone ppGpp through contacts at 

the open face of the protein (Figure 20). The specific binding of ppGpp by the 

MglA•SspA heterocomplex does not occur in other SspA homodimers as the E. coli 

SspA binds ppGpp nonspecifically with a Kd above 10-4 M. The ability of MglA•SspA to 

bind ppGpp could stem from the asymmetry imparted by its heterodimerization. 

Recognition of ppGpp occurs primarily through its coordination by MglA residues, 

resulting in a single ppGpp molecule binding per heterodimer, however, a few contacts 
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are provided by SspA. Except for the lack of asymmetric contacts provided by the 

Francisella SspA subunit, there is nothing obvious to prevent ppGpp binding to MglA. In 

E. coli SspA the residues corresponding to ppGpp-binding residues MglA Arg64, MglA 

Asn100 and SspA Asn100 are all glutamate residues (Figure 4C). Considering the 

proximity of MglA Arg64 to the pyrophosphates of ppGpp, placing a glutamic acid, 

with its negatively charged carboxyl group, in this position would greatly destabilize 

interactions with ppGpp (Figure 20F). Glutamic acids in place of the MglA and SspA 

Asn100 residues could introduce steric clashes with the guanine and ribose of ppGpp or 

with the 5’-pyrophosphate of ppGpp and Mg2+ ion, respectively (Figure 20F). Thus, 

perhaps it is the monomeric state of MglA in solution (and the absence of the Francisella 

SspA subunit) and sequence variation between E. coli SspA and Francisella MglA•SspA 

at the ppGpp-binding site, which preclude ppGpp binding. Further, MglA•SspA 

presents an asymmetric surface to the RNAP, and as both MglA and SspA are required 

for this interaction, it seems likely this asymmetry is key to RNAP recognition. 

Comparison of the ppGpp-binding site in MglA•SspA to the glutathione-binding 

site in GST proteins revealed that while all of these proteins bind ligands at the 

thioredoxin fold, the ppGpp binding site is shifted towards the dimerization interface 

relative to glutathione-binding in GST proteins (Figure 21B,C). We anticipate GST 

proteins cannot accommodate ppGpp at the glutathione-binding site, as a significant 

portion of ppGpp would occupy the same space as a GST dimerization helix (Figure 
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21B). SspA family members are free from such restrictions as the mode of dimerization 

produces the open face, and can accommodate the binding of molecules such as ppGpp. 

Thus, this structural difference between SspA family and GST family proteins perhaps 

represents an evolutionary divergence wherein SspA families or rather the MglA 

subfamily acquired the open face of the protein in order to accommodate ligands like 

ppGpp at the thioredoxin fold. 

MglA•SspA binds ppGpp in a ring-like conformation. Analysis of the known 

protein structures bound to ppGpp reveals that, while there is no common motif 

involved in ppGpp recognition, there are preferences for the conformation of the 

pyrophosphate moieties of bound ppGpp. Specifically, when protein-bound, ppGpp can 

adopt two distinct conformations: ring-like or elongated (95). The ring-like conformation 

describes when the 3’- and 5’- pyrophosphates form a ring, which is often stabilized by 

Mg2+, while in the elongated conformation the 3’- and 5’- phosphates are splayed out in 

opposite directions with multiple metal ions often stabilizing the phosphate charges. 

Interestingly, the proteins that bind ppGpp in a ring-like conformation bind ppGpp with 

higher affinity than proteins that bind ppGpp in an elongated conformation. Indeed, this 

difference in binding affinity appears to be ~10 fold (95). The affinity of MglA•SspA for 

ppGpp (~9 µM) is very similar to other proteins that bind ppGpp in the ring-like 

conformation. 



 

 99 

Overall, this work has provided significant molecular insight into the crucial first 

step of the regulation of the transcription of the FPI through the discovery and 

characterization of the interaction of ppGpp with MglA•SspA. Further, as ppGpp binds 

at the PigR interaction surface it is attractive to speculate that the presence of ppGpp at 

the open face of MglA•SspA directly impacts the interaction between PigR and 

MglA•SspA. 

4.6 Materials and methods: 

4.6.1 Expression and purification of MglA•SspA for crystallization 

The SspA expression construct was obtained from the Lorca lab at the University 

of Florida. The sspA gene was PCR amplified from this construct and subcloned into 

pMCSG21 using ligation independent cloning (LIC) (84,96). Two residues were removed 

after the initial methionine by PCR mutagenesis to create an N-terminal SspA 

truncation. An MglA-MBP fusion protein, previously described (63), encoded in pET28A 

was truncated using PCR mutagenesis to remove four residues at its C-terminus. N-

terminally truncated SspA (SspAN) in pMCSG21 and C-terminally truncated MglA-MBP 

(MglAC-MBP) were transformed simultaneously into C41(DE3) cells for expression. The 

cotransformed C41 cells were grown at 37 °C to an OD600 of 0.6, the temperature was 

then reduced to 15 °C and the cultures induced with 0.5 mM IPTG. The cultures were 

left shaking at 200 rpm at 15 °C overnight before harvesting by centrifugation the next 

day. Harvested cells were stored at -80 °C until use. 
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Purification of the MglAC-MBP•SspAN complex was initiated by cell lysis in 

Buffer A (20 mM Tris, pH 7.5, 200 mM NaCl, 10% glycerol, and 1 mM β-

mercaptoethanol) with 2 mg/L DNase I and 1 mM PMSF using a microfluidizer. 

Following lysis, cell debris was separated from the supernatant by centrifugation at 

34,960 x g. The supernatant was loaded onto a Ni-NTA column to immobilize MglAC-

MBP•SspAN. The resin was washed with Buffer A and Buffer A supplemented with 10 

mM imidazole before MglAC-MBP•SspAN was eluted by 250 mM and 2 M imidazole 

supplemented Buffer A. 

Following nickel-resin affinity chromatography purification, the MglAC-

MBP•SspAN was further purified by size exclusion chromatography (SEC) using a 

Superdex S75 column. This step was crucial in removing YrdA, a contaminant that 

readily formed crystals. Following the S75 column, TEV protease was added to MglAC-

MBP•SspAN to remove the MBP tag from MglAC-MBP and the His-tag from SspAN-His. 

TEV digestion was carried out for one day at room temperature. The resulting 

MglAC•SspAN was then reloaded onto the S75 column for additional purification. In 

order to remove any contaminating His-tagged MBP, the S75-purified MglAC•SspAN 

was added to a Ni-NTA resin column and the flow through, which contained pure 

MglAC•SspAN complex, was collected. 
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4.6.2 Expression and purification of proteins for DRaCALA and 
fluorescence experiments 

F. tularensis sspA was subcloned into the vector pMCSG9 using LIC to encode an 

SspA-MBP fusion protein (96). An MglA expression construct was purchased from 

Genscript Corporation (Piscataway, NJ, USA); mglA was subcloned into pMCSG21 using 

LIC. pMCSG21 encoding mglA and pMCSG9 enoding sspA were co-transformed into 

C41(DE3) cells for MglA• SspA-MBP expression. The MglA mutants, Y11A, T47A, 

R64A, and the SspA mutants, K65E and SV105E were created using site-directed 

mutagenesis. MglA mutants in pMCSG21 were cotransformed with the SspA expression 

plasmid pMCSG9-SspA, and SspA mutants in pMCSG9 were cotransformed alongside 

wt MglA in pMCSG21 to generate mutant MglA•SspA-MBP proteins: MglAY11A•SspA-

MBP, MglAT47A•SspA-MBP, MglAR64A•SspA-MBP, MglA• SspA-MBPK65E, and MglA• 

SspA-MBPV105E. MglA• SspA-MBP and mutant MglA•SspA-MBP expression in C41 cells 

was performed as described above. Purification of wt and mutant MglA•SspA-MBP, 

and the resulting wt and mutant MglA•SspA, was carried out identically to the 

purification of MglAC-MBP•SspAN/ MglAC•SspAN. 

The pigR gene, codon optimized for E. coli expression, was generated and cloned 

into pET15b by Genscript Corporation (Piscataway, NJ, USA). The pigR gene from this 

construct was PCR amplified and cloned into the vector 2Bc-T, which encodes a C-

terminal His-tag, using LIC. The LIC cloning vector 2Bc-T was purchased from Scott 
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Gradia via Addgene (Addgene plasmid #37236). 2Bc-T encoding pigR was transformed 

into C41(DE3) cells for expression. The transformed C41 cells were grown at 37 °C to an 

OD600 of 0.4 and induced with 0.5 mM IPTG. The cultures were harvested after 3.5 hours, 

harvested cells were stored at -80 °C until used. For purification, 10 g of cells were 

resuspended in 20 mM Tris pH 7.5, 250 mM NaCl, 10% glycerol and supplemented with 

0.01 g/mL lysozyme, 2 mg/L DNase I, and 1 mM PMSF. After 30 minutes on ice, 7.5% 

sarkosyl (N-Lauroylsarcosine sodium salt, Sigma-Aldrich) and 5 mM BME were added, 

and the reconstituted cells were sonicated. Following sonication, cell debris was 

separated from the supernatant by centrifugation at 34,960 x g. PigR was purified by Ni-

NTA chromatography in 20 mM Tris pH 7.5, 250 mM NaCl, 10% glycerol, 0.5% sarkosyl 

and 5 mM BME.  

An artificial gene encoding E. coli sspA gene was generated and cloned into 

pET15b for expression by Genscript Corporation (Piscataway, NJ, USA). The expression 

plasmid was transformed into C41(DE3) cells for expression. Growth and purification of 

Ec SspA was performed as per MglA•SspA constructs, but purification was halted after 

the first sizing column as the protein was sufficiently pure for experimentation and did 

not bear a cleavable solubility tag. 
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4.6.3 MglA•SspA structure determination for apo and ppGpp bound 
structures 

Crystals of wild type MglA•SspA protein were heavily layered and unusable. 

The C-terminal and N-terminal truncations of MglA and SspA were introduced to 

improve crystal quality. The MglA C-terminal truncation was designed, because the last 

four residues are unstructured in the previously determined MglA structure (Chapter 3, 

(63)). The SspA N-terminal truncation was designed after structural analysis of other 

SspA family members revealed some variability in the length of the N-terminal tail 

before the first β strand of the thioredoxin fold. C-terminal truncations of SspA were 

attempted as well, but did not improve crystal quality. 

Initial screening for crystallization was performed with MglAC•SspAN at 17 

mg/mL and a drop ratio of 1:0.5 (well solution to protein solution) using the hanging 

drop-vapor diffusion method. The best hits were found in Hampton Index screen 

conditions 43-45, Wizard Classic I condition 14, PegRX condition 35 and 44, PegRX 2 

condition 17. The structure of MglAC•SspAN was determined to 2.65 Å by remote data 

collection using ALS beamline 5.0.1 from crystals that had grown for two days in PegRX 

2 condition 17 (0.2 M L-proline, 0.1 M HEPES pH 7.5, 24% PEG 1500) from a 4:2 

(well:protein drop ratio) drop of protein at 26 mg/mL concentration. Crystals were 

frozen in mother liquor supplemented with 6% glycerol for cryoprotection. X-ray 

intensity data were collected and the data processed and scaled using HKL2000 (97). To 
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obtain phase information, molecular replacement with Phaser in CCP4 was performed 

using a lower resolution structure of MglAC•SspAN as a search model (87). Refinement 

was carried out in Phenix with subsequent model rebuilding using Coot resulting in a 

final Rwork/Rfree of 20.5 / 25.7% (90,91). Selected data collection and refinement statistics 

are listed in Table 4. 

The structure of MglAC•SspAN with ppGpp bound was determined by de novo 

crystallization. Specifically, a solution of 8 mg/mL MglAC•SspAN, 10 mM MgCl2, and 3 

mM ppGpp (TriLink Biotechnologies, San Diego, CA) was set up with a 1:2 drop-to-

reservoir ratio. Crystals grew in a condition from a previously determined apo-

MglAC•SspAN crystallizing condition. The structure was determined from one day old 

crystals grown in 0.1 M TRIS, pH 8.5, and 22% PEG3350, and frozen with 6% glycerol for 

a cryoprotectant. X-ray intensity data were collected remotely using ALS beamline 5.0.2 

to a resolution of 2.80 Å. Collected data were indexed and integrated using Mosflm and 

scaled using Scala in CCP4 (87,98). Molecular replacement was performed with subunits 

from the initial apo-MglAC•SspAN crystal structure, where each subunit was provided 

as a separate ensemble and solved for separately. Refinement was performed in Phenix 

and Coot to a final Rwork/Rfree of 21.2 % / 26.5 %. Relevant data collection and refinement 

statistics are provided in Table 4. 
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4.6.4 32P-ppGpp binding assay (DRaCALA) 

DRaCALA (Differential Radial Capillary Action of Ligand Assay; (93)) 

experiments were performed by our collaborators in the Gourse lab at University of 

Wisconsin Madison to measure the binding affinities of the purified SspA, MglA, and 

PigR and their structure-guided mutants for 32P-ppGpp. 32P-ppGpp was synthesized as 

described previously (40,92) using γ-32P-ATP and GDP (Amresco), and was purified by 

PEI cellulose thin layer chromatography in 1.5 M KH2PO4 pH 3.4, eluted from the TLC 

plate in 4 M LiCl, precipitated, and stored at -80 °C. Purified 32P-ppGpp contained no 

other labeled compounds and co-migrated on an analytical TLC plate with unlabeled 

ppGpp purchased from TriLink Biotechnologies (imaged by UV shadowing).  

Binding reactions (15 µL) were carried out at 22 °C for 10 min with ~10 nM 32P-

ppGpp, a range of concentrations of purified protein (as indicated), 20 mM Tris-Cl pH 7.5, 

10 mM MgCl2, 100 mM NaCl, and 0.5 mM β-mercaptoethanol. Where indicated, reactions 

also contained 1 mM unlabeled competitor nucleotides (ppGpp, GTP, ATP, CTP or UTP). 4 

µL aliquots were spotted slowly onto dry nitrocellulose filter discs (Protran BA85; GE 

Healthcare) and dried filters were quantified by phosphorimaging. Protein-bound counts 

were determined for each filter by correction of counts in the central spot for background 

of unbound 32P-ppGpp, and expressed as the percent of total counts in the entire spot 

(adapted from Roelofs et al., 2011). Radioactivity in the darker outer ring at the edge of the 

entire spot was not included when determining background correction values, but was 
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included in total counts. Duplicate filters were spotted from each reaction, and values 

shown represent averages with standard deviations determined from multiple 

independent experiments. Graphs in Figures 19C and 20H,I were created in SigmaPlot with 

data fit to the equation y = a (1-e-bx). This equation describes an exponential curve where y 

gives percentage of ligand bound, a gives the upper limit for ligand binding where all 

ligand in solution is bound, b gives the slope binding, and x gives the concentration of 

MglA•SspA. 

4.6.5 Protein Data Bank accession codes 

The MglA•SspA and MglA•SspA•ppGpp coordinates and structure factors 

have been deposited in the RCB Protein Data Bank under the accession codes 5U56 and 

5U51, respectively.  
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Table 4. Data collection and refinement statistics for the structures of the 
MglA•SspA and MglA•SspA•ppGpp complexes. 

 
MglA•SspA MglA•SspA•ppGpp 

Data collected at ALS 5.0.1 ALS 5.0.2 
Energy (eV) 12685 12398 
Resolution range (Å) 50.0-2.65 (2.70-2.65)1 87.61-2.8 (2.95-2.80) 
Space group P 21 21 21 P 21 21 21 
a, b, c (Å) 66.4, 113.3, 140.4 57.6, 111.6, 141.5 
α, β, γ (°) 90.0, 90.0, 90.0 90, 90, 90 

      
Completeness (%) 99.9 (99.7) 100 (100) 

Redundancy 7.2 (6.8) 5.4 (5.5) 

I/σI  31.7 (2.1) 7.8 (2.0) 

Total reflections (#) 225126 125274 
Unique Reflections (#) 31478 23247 
Rmerge2 0.076 (0.784) 0.140 (0.874) 

Refinement and protein geometry analysis3 
Resolution (Å) 50.0-2.65 87.65-2.80 
Rwork/Rfree (%)4 20.5/25.7 21.2/26.5 
No. atoms 

 

 

 

Protein 

Proline or ppGpp/Mg2+ 

Water/Solvent molecules 

  
Protein 7220 

 

6182 

 
ppGpp/ Mg2+ NA 

 

94/2 

 
Water/Solvent/Proline 

 

 

63/84/16 43/138/NA 
B-factors 

 

Protein 

Proline or ppGpp/Mg2+ 

Water/Solvent molecules 

  
Protein 65.3 

 

58.4 

 
ppGpp/Mg2+ NA 

 

50.9/55.6 

 
Water/Solvent/Proline 64.4/80.0/80.2 51.2/76.9/NA 

Ramachandran favored (%) 96.8 95.7 
Ramachandran outliers (%) 0.3 0.25 
Bond lengths rmsd (Å) 0.003 0.003 
Bond angles rmsd (Å) 0.62 0.52 

 

                                                        

1 Values in parentheses are for the highest resolution shell. 
2 Rmerge = ΣΣ|Ihkl-Ihkl(j)|/ ΣΣ|Ihkl(j)|, where Ihkl(j) is observed intensity and Ihkl is the final average value of intensity. 
3 Protein geometry analysis performed by MolProbity (78). 
4 Rwork = Σ||Fobs| - |Fcalc||/Σ|Fobs| and Rfree = Σ||Fobs| - |Fcalc||/Σ|Fobs|; where all reflections belong to a test set of 
5% data randomly selected in Phenix. 
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5. Characterization of the interaction between MglA•SspA 
and PigR 

In the MglA•SspA•PigR•RNAP complex, MglA•SspA is responsible for 

contacts with PigR. While we know something about the PigR binding site on 

MglA•SspA due to bridge-hybrid analysis (76), we have no information about what 

portion of PigR forms contacts with MglA•SspA. Using PigR peptides and truncations, 

we performed fluorescence anisotropy (FA) studies and our collaborator performed 

bacterial bridge-hybrid experiments to determine what regions of PigR are responsible 

for interactions with MglA•SspA. 

5.1 Interactions between MglA•SspA and PigR 

We performed FA experiments to determine which region of PigR is responsible 

for interactions with MglA•SspA. PigR contains N-terminal and C-terminal regions that 

are predicted to be disordered. We hypothesized that these regions may function to bind 

other proteins or effectors. Hence, we designed fluoresceinated peptides corresponding 

to the PigR N-terminal region (residues 1-34) and C-terminal domain (residues 90-111) 

to employ in FA assays with MglA•SspA, in the presence and absence of ppGpp (Table 

5). These studies showed unequivocally that the C-terminal peptide binds MglA•SspA, 

while there was no interaction for MglA•SspA revealed by the N-terminal peptide 

(Figure 22). Fitting the data resulted in Kds (dissociation constants) of 750 ± 300 nM for 
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the C-terminal peptide binding to SspA-MglA in the presence of 0.5 mM ppGpp, and a 

Kd of 950 ± 520 nM in the absence of ppGpp (Table 6). 

Table 5. PigR peptides used in FA experiments with MglA•SspA. 

Full length PigR is composed of residues 1-111. N-terminal and C-terminal peptides are 
described by PigR residue number and sequence. 

 
PigR Residues Sequence 

1-34 MANQYSGNFEQIVKNRFKCSAREILLKCQREGLK 
90-111 KRNVFSRCWINMNLYSVIKAKS  
90-105 KRNVFSRCWINMNLYS 
98-111 WINMNLYSVIKAKS  

 

In order to define the minimal PigR region necessary for its interaction with 

MglA•SspA, we obtained PigR peptides with further truncations for FA analysis (Table 

5). MglA•SspA binding was observed to PigR peptides 90-111 and 90-105, but no 

binding was detected for PigR peptide 98-111 (Table 6, Figure 22). Interestingly, while 

the binding affinity for PigR peptide 90-111 is comparable in the presence and absence of 

ppGpp, PigR peptide 90-105 appears to bind MglA•SspA with a ~40 reduction in 

affinity in the absence of ppGpp (Table 6). 
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Figure 22. Binding of PigR peptides by MglA•SspA in fluorescence 
experiments. 

MglA•SspA binds C-terminal fluoresceinated PigR peptides in fluorescence anisotropy 
(FA) experiments. Shown here are representative FA experiments for MglA•SspA and 
fluoresceinated peptides of PigR residues 1-34, 90-105, 90-111, and 98-111. MglA•SspA 
does not bind PigR residues 1-34 or 98-111, but we see binding of 90-105 and 90-111 with 
and without ppGpp. Fluorescence data are fit with a specific or nonspecific binding 
equation to calculate binding affinities, which are provided in Table 6. 

 

Table 6. Binding affinities of MglA•SspA for PigR peptides. 

Binding affinities (Kds) for the MglA•SspA interaction with PigR peptides in presence 
and absence of 0.5 mM ppGpp. The average and standard deviations for the Kds are 
given in µM, and represent the average of at least three independent experiments. 

 
PigR Residues Kd (µM) 
 No ppGpp 0.5 mM ppGpp 

1-34 NB NB 
90-111 0.75 ± 0.30 0.95 ± 0.52  
90-105 7.5 ± 3.7 0.20 ± 0.11 
98-111 NB NB 

-10 

0 

10 

20 

30 

40 

50 

60 

0 1 2 3 4 5 6 7 8 9 10 11 12 

m
P 

MglA•SspA (µM) 

(1-34), ppGpp 

(1-34), no ppGpp 

(98-111), ppGpp 

(90-111), ppGpp 

(90-111), no ppGpp 

(90-105), ppGpp 

(90-105), no ppGpp 



 

 111 

Previous reports suggested that ppGpp promoted the interaction between PigR 

and MglA•SspA (23). Further, the ppGpp binding site revealed in the 

MglA•SspA•ppGpp structure significantly overlaps with the putative PigR interaction 

surface of the MglA•SspA complex (Figure 20G). Because of these observations, we 

were surprised to see MglA•SspA binds the C-terminal PigR peptide 90-111 in the 

presence and absence of ppGpp with roughly equivalent dissociation constants, 

indicating that this interaction can occur independently of ppGpp. However, if we 

compare the binding curves for FA experiments, we observe large differences in the 

change in mP (ΔmP) for MglA•SspA binding to peptides in the presence or absence of 

ppGpp (Figure 22). Such differences in polarization can reflect changes in the mode of 

interaction, while very low ΔmP (below 20) can be indicative of experimental noise and 

interpreted as no binding. Interestingly, the binding of peptides 90-111 and 90-105 by 

MglA•SspA results in a higher ΔmP in the presence of ppGpp than in its absence. We 

hypothesize that this change in ΔmP reflects that the peptides interact differently with 

MglA•SspA in the presence and absence of ppGpp. Deducing the basis for this 

interesting experimental observation will require structural studies on 

MglA•SspA•PigR peptide complexes in the presence and absence of ppGpp. 

Previously a bridge-hybrid assay was used to detect the interaction between 

PigR and the MglA•SspA complex in E. coli (23,76). In this assay full length PigR is 

fused to Zif, a zinc-finger DNA-binding protein (Figure 23A), and MglA is fused to the 
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ω subunit of E. coli RNA polymerase (RNAP). SspA is then synthesized together with 

the MglA-ω and PigR-Zif fusion proteins in an E. coli reporter strain in which a Zif 

binding site is positioned upstream of a test promoter that drives expression of lacZ. In 

cells of the reporter strain, SspA interacts with the MglA-ω fusion protein and the 

resulting MglA•SspA complex becomes tethered to RNAP through the ω moiety of the 

MglA-ω fusion. Interaction between the RNAP-tethered MglA•SspA complex and the 

DNA-bound PigR-Zif fusion protein activates transcription from the test promoter 

resulting in an increase in lacZ expression. We shared our results with our collaborators, 

the Dove Laboratory, Harvard Medical College, who took advantage of this assay to 

determine what portion of PigR interacts with the MglA•SspA complex. Thus, different 

portions of PigR were fused to Zif and these PigR-Zif fusion proteins were synthesized 

together with SspA and the MglA-ω fusion protein in cells of the bridge-hybrid reporter 

strain. Interactions were detected between the MglA•SspA complex and PigR residues 

1-111 (the full length protein), 61-111, 76-111, and 90-111, but not between the 

MglA•SspA complex and PigR residues 61-96 or 61-106 (Figure 23B). These findings are 

concordant with our data and indicate that the 22 residues at the very C-terminus of 

PigR are sufficient for interaction with the MglA•SspA complex. Interestingly, the 

bridge-hybrid experiment shows no interaction between PigR residues 61-106 and 

MglA•SspA, while the FA experiment shows interaction between MglA•SspA and PigR 

residues 90-105. This disagreement could stem from reduced protein solubility or 
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stability of the PigR (90-105) truncation in the bridge-hybrid experiment, or perhaps due 

to insufficient concentrations of ppGpp present in the bridge-hybrid experiment to 

detect interactions between the truncation and MglA•SspA. 

 

Figure 23. Bridge two-hybrid with MglA•SspA and PigR. 

A) Schematic of E. coli bridge-hybrid assay employed to show interaction between 
MglA•SspA and PigR. Interaction between MglA-ω•SspA and PigR-Zif induces 
transcription of lacZ. B) Bridge-hybrid assay shows interaction of full length PigR, and 
PigR residues 61-111, 76-111 and 90-111 with MglA•SspA. No interaction was detected 
between MglA•SspA and PigR residues 61-96 or 61-106. The interaction requires 
MglA•SspA, as an SspA knockout (-SspA) shows no interaction between PigR and 
MglA. 
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Ultimately, these experiments confirm that the C-terminus of PigR is necessary 

for the interaction between MglA•SspA and PigR. How ppGpp binding to MglA•SspA 

affects the binding of this complex to PigR remains unresolved. 

5.2 Discussion 

Our studies show that the region of PigR responsible for recognizing 

MglA•SspA is confined to the C-terminal 22 residues of the protein. The overlap of 

MglA•SspA ppGpp-binding residues and the putative PigR interaction surface indicates 

that ppGpp likely modulates the interaction between MglA•SspA and PigR. However, 

ppGpp does not appear to be required for the formation of an MglA•SspA•PigR 

complex (Figure 22). PigR has been suggested to act as an activating switch for the 

MglA•SspA•PigR•RNAP complex through direct binding of the PRE (24). While the 

interaction of PigR with DNA has not been characterized, the presence or absence of 

ppGpp at the MglA•SspA-PigR interface could affect PigR DNA-binding activity. 

PigR, due to a putative N-terminal helix-turn-helix (HTH) motif, has been 

categorized as a MerR family member (66). MerR family members are homodimeric 

proteins with a DNA-binding N-terminal domain characterized by a winged-HTH and a 

C-terminal domain, which contains a coiled coil that mediates dimerization and an 

effector-binding region (68,69). MerR proteins generally recognize palindromic 

sequences between nonoptimally spaced -10 and -35 promoter elements. PigR is distinct 

from MerR members in that its HTH is not at its very N-terminus, and it is not predicted 
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to encode a coiled coil within its C-terminal domain. Due to these observations perhaps 

PigR is better placed within the recently characterized TnrA/GlnR family (Figure 5) (74). 

and GlnR, though originally identified as MerR family members, constitute a distinct 

subfamily of MerR proteins. While MerR family members recognize and contort DNA 

within suboptimally spaced -10 and -35 elements, TnrA/GlnR promoters have optimally 

spaced elements and TnrA/GlnR bind sites upstream of the -35 element and within 

protein coding regions (74,99). Furthermore, TnrA/GlnR are monomers but oligomerize 

upon DNA binding through residues in an N-terminal helical region and winged-HTH 

(74). Lastly, TnrA/GlnR possess an unstructured C-terminal region, which, in both 

proteins, is responsible for contacts with glutamine synthetase (GS) and in the case of 

TnrA, GlnK. 

While PigR has more in common with TnrA/GlnR than with the MerR family, 

specifically an internally located HTH and a C-terminal tail responsible for protein 

contacts, PigR is not a perfect TnrA/GlnR candidate. First, PigR bears no sequence 

similarity to TnrA or GlnR. Second, while TnrA/GlnR still recognize MerR-like 

palindromic DNA sequences; the putative PigR recognition element (PRE) is not a 

symmetrical dyad (Figure 5C). Our inability as yet to categorize PigR makes it a very 

interesting research target, and structural information would provide key insight into 

and how PigR recognizes DNA and forms interactions with MglA•SspA. However, it is 
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attractive to hypothesize that the activity of PigR, like TnrA/GlnR proteins, is mediated 

through interactions with a protein partner (MglA•SspA) via its C-terminal tail. 

The binding of ppGpp at the MglA•SspA-PigR interface may modulate the 

structure of PigR and its ability to bind DNA. Perhaps the interaction of PigR with 

MglA•SspA or MglA•SspA•ppGpp results in structural changes in PigR, which allow 

for DNA-specificity or increased DNA-binding activity. In this way, ppGpp may not 

increase the affinity between MglA•SspA and PigR, but could be required for an active 

complex. Structural studies on the MglA•SspA•PigR complex with and without ppGpp 

may provide information towards the mechanism of this complex. 

5.3 Materials and methods 

5.3.1 Fluorescence binding experiments for MglA•SspA and PigR  

Fluorescence anisotropy (FA) was performed with fluoresceinated PigR peptides 

and unlabeled MglA•SspA. A fluoresceinated N-terminal (1-34) PigR peptide was made 

by GenScript (Piscataway, NJ), while additional fluoresceinated PigR peptides (90-105, 

90-111, 98-111) were synthesized by the UNC High-Throughput Peptide Synthesis Array 

Facility (Chapel Hill, NC). PigR peptides used in FA experiments are described in Table 

5. The N-terminal peptide is composed of residues 1-34 amino acids with a C-terminal 

fluorescent FAM tag, while all the C-terminal peptides possess an N-terminal FAM tag. 

Peptides were solubilized in 10 mM sodium cacodylate. FA experiments were 

performed in 20 mM TRIS pH 7.5, 100 mM NaCl, 10% glycerol, and 10 mM MgCl2 in the 
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presence or absence of 0.5 mM ppGpp (TriLink Biotechnologies, San Diego, CA). Data 

were plotted and fit in Logger Pro 3.8.6 to a specific or non-specific binding curve to 

determine the Kd (Logger Pro®, Vernier Software & Technology, Beaverton, OR).  

Specific binding: 𝑃!"#$ =
!!"#×[!"#$•!"#$]
!!![!"#$•!"#$]

+ 𝑃!"# 

Non-specific binding: 𝑃!"#$ =
!!"#×[!"#$•!"#$]
!!![!"#$•!"#$]

+ 𝑃!"# + 𝐷×[MglA • SspA] 

Where Pmeas, Pmax, and Pmin give the measured polarization, maximal polarization and 

minimal polarization for the experiment, respectively. D is a nonspecific factor that 

allows curves that never attain saturation to be fit. 

Protein expression and purification of MglA•SspA for fluorescence experiments 

was performed as described in Chapter 4. 

5.3.2 Bridge-hybrid assay 

Collaborators in the Dove lab at Harvard University performed the bridge-

hybrid experiment and its creation and experimental protocol are described below. 

5.3.2.1 Bacterial strains and plasmids 

E. coli strain DH5αF’IQ (Invitrogen) was used for plasmid construction. The E. 

coli reporter strain KDZif1ΔZ used for the bridge-hybrid assays has been described 

previously (100). 

The plasmids pCL, pCL-SspA, pBR-MglA-ω, and pACTR-AP-Zif have been 

described previously (23,76). Plasmid pACTR-PigRN-Zif specifies PigR residues 1-111 

fused to Zif, and is similar to plasmid pACTR-PigR-Zif used previously (23,76), except 
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the native NdeI site within pigR has been removed. The plasmid was created by cloning 

DNA specifying PigR (residues 1-111), but lacking the internal NdeI site, into NdeI-NotI 

digested pACTR-AP-Zif. Plasmids pACTR-PigR(61-111)-Zif, pACTR-PigR(76-111)-Zif, 

pACTR-PigR(90-111)-Zif, pACTR-PigR(61-96)-Zif, and pACTR-PigR(61-106)-Zif, specify 

a methionine residue followed by the indicated residues of PigR fused to Zif. These 

plasmids were made by cloning the appropriate NdeI-NotI digested PCR products 

(lacking any NdeI site native to pigR) into NdeI-NotI digested pACTR-AP-Zif. All 

pACTR-PigR-Zif plasmids direct the synthesis of the specified PigR-Zif fusion protein 

under the control of the lacUV5 promoter. 

5.3.2.2 Bridge-hybrid assays 

For the bridge-hybrid assays, cells were grown in LB supplemented with 

carbenicillin (100 mg/ml), tetracycline (10 mg/ml), spectinomycin (100 mg/ml), and IPTG 

(50 mM). β-galactosidase assays were performed as described previously (76), in 

triplicate, on two separate occasions and a representative data set is shown. Error bars 

indicate standard deviation. 
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6. Conclusion 

In Francisella tularensis, the MglA•SspA•PigR complex coordinates with the 

alarmone of the stringent response, ppGpp, to regulate over 100 genes, including the 

FPI. The MglA•SspA•PigR complex functions by modulating the activity of RNAP to 

activate transcription. The MglA•SspA•PigR•RNAP complex binds at promoters 

throughout Francisella, including promoters outside of the MglA•SspA•PigR regulon 

(24). Analysis of Francisella promoters revealed a sequence common only to promoters 

within the MglA•SspA•PigR regulon that is required for transcription activation by 

MglA•SspA•PigR (24). This critical DNA sequence is the PRE (PigR recognition 

element), which is believed to be specifically bound by PigR. 

Before the contributions of the work presented in this dissertation, the proposed 

model for FPI transcriptional regulation was that the Francisella SspA protein, 

MglA•SspA, bound both RNAP and PigR to bridge the two proteins (23,24,47,76). PigR 

ensures activation of transcription of genes encoding of virulence proteins through 

recognition of the PRE (24). ppGpp participated in FPI regulation through an 

uncharacterized interaction with PigR, MglA•SspA or the RNAP (23). 

6.1 Work towards understanding the MglA•SspA•PigR complex 

As MglA only forms transient dimers in solution, we determined that only the 

MglA•SspA complex was functional. The presence of bound malate in the MglA 

crystallographic structure led us to speculate that perhaps Francisella SspA interacts with 
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an unidentified small molecule. As the malate-binding site colocalizes with the 

glutathione-binding site of GST proteins, and previously observed small molecule 

binding sites in other SspA proteins, the malate-binding site could represent an 

evolutionarily conserved binding site. 

In order to understand the physiologically relevant SspA protein in Francisella, 

we determined the crystal structure of MglA•SspA. While MglA•SspA represents the 

only known heterodimeric SspA protein, the structure is characteristic of a typical SspA 

family member. Analysis of the heterodimerization interface offers an explanation for 

why MglA•SspA heterodimers are stable, and why MglA homodimers are transient in 

solution. Specifically, the MglA•SspA interface contains a vast network of hydrogen 

bonds, while the dimerization interface for MglA homodimers contain fewer hydrogen 

bonds. This difference may explain why MglA and SspA form stable heterodimers, and 

MglA does not form stable homodimers. 

We sought to determine which component of the MglA•SspA•PigR•RNAP 

complex interacts with ppGpp. Using DRaCALA, we assayed MglA•SspA and PigR 

directly for interactions with ppGpp, and determined that MglA•SspA binds ppGpp 

with relatively high affinity (~9 µM Kd) while no ppGpp binding was detected between 

ppGpp and PigR. Interestingly, Ec SspA binds ppGpp very poorly and at best 

nonspecifically while MglA fails to bind ppGpp, indicating that the interaction with 

ppGpp is specific to Francisella and the heterodimer MglA•SspA. 
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In order to characterize the interaction between MglA•SspA and ppGpp, we 

determined the crystal structure of the MglA•SspA•ppGpp complex. The structure 

revealed one ppGpp molecule and Mg2+ ion bound per heterodimer. Further, 

comparison of this structure with the apo MglA•SspA structure indicated that no large 

conformational changes result from ppGpp binding. Interestingly, MglA provides all 

specific interactions to the guanine moiety of ppGpp, while both MglA and SspA 

coordinate pyrophosphate oxygen atoms. The pyrophosphates are further coordinated 

by the Mg2+ ion, which stabilizes ppGpp into a ring-like conformation. In addition to the 

ppGpp, one SspA residue coordinates the Mg2+ ion. The crystallographically determined 

ppGpp-binding site was confirmed by performing DRaCALA with mutant MglA•SspA 

proteins, indicating that we have captured the physiologically relevant ppGpp-binding 

site in the MglA•SspA complex. 

Strikingly, the ppGpp binding site encompasses residues that previous studies 

suggested are involved in PigR binding (76). The open face of the MglA•SspA complex 

that interacts with ppGpp and PigR is opposite to the compact face that is predicted, 

based on studies of other SspA proteins, to interact with the RNAP (51). The 

overlapping PigR and ppGpp binding surface led us to speculate that ppGpp likely 

modulates the interaction between PigR and MglA•SspA. 

To further our information about the interaction of PigR with MglA•SspA, we 

sought to determine how PigR recognizes MglA•SspA. FA experiments were performed 
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with MglA•SspA and fluoresceinated PigR peptides. Additionally, our collaborator 

performed independent bacterial two-hybrid experiments with MglA•SspA and 

truncated PigR constructs. These experiments revealed that the final 22 residues of PigR 

are required for interactions with MglA•SspA. Interestingly, ppGpp does not appear to 

affect the affinity of PigR C-terminal peptides for MglA•SspA. Further experiments will 

be required to determine how ppGpp affects the interaction between MglA•SspA and 

PigR. However, the presence of ppGpp could modulate PigR activity by inducing a 

conformational change in PigR. Like with MerR and TnrA/GlnR family members, 

perhaps interactions of effectors or proteins with the C-terminus of PigR result in a 

conformational change that effects the DNA-binding interactions of the N-terminus. 

6.2 A new model for FPI transcriptional regulation 

Our findings extend the model for FPI transcriptional regulation to the molecular 

level and reveal that ppGpp affects the MglA•SspA•PigR regulator complex in a direct 

manner through contacts to MglA•SspA (Figure 24). The stringent response is induced 

during times of stress or starvation, resulting in increased ppGpp concentrations in the 

cell. Data indicate that MglA•SspA binds both ppGpp and PigR at its “open” face, 

which lies opposite to the RNAP compact binding surface. Data suggest that the 

complex activates transcription at promoters with PRE sites and that PigR may bind this 

DNA site. The result is the activation of the MglA•SspA•PigR regulon, which includes 

the FPI, culminating in Francisella virulence. 
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Figure 24. New model for FPI transcriptional regulation. 

MglA and SspA form heterodimeric MglA•SspA, which binds ppGpp. Data suggests 
that PigR binds the PRE with the HTH near its N-terminus. Our data show that PigR 
binds MglA•SspA via residues in its C-terminus. Assembly of the 
MglA•SspA•ppGpp•PigR•RNAP complex upstream of the FPI instigates virulence 
gene transcription, culminating in Francisella virulence. (Photo depicts skin ulcer 
resulting from bite from Francisella infected organism, courtesy of CDC Public Health 
Image Library/Emory University, Dr. Sellars). 
 

6.3 Future directions 

Many questions still remain about the mechanisms underlying the regulation of 

the FPI regulon. The means through which PigR affects virulence regulation remains 

very much a mystery. As a potential MerR or TnrA/GlnR family member, the structural 

characterization of PigR would be illuminating. As a relatively small protein (15 kDa per 

subunit), NMR could be useful in determining the structure of PigR. Despite our 

attempts (Appendix A), how or if PigR specifically recognizes the PRE is not well 
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understood. Whether MglA•SspA or ppGpp have roles in DNA-recognition by PigR can 

now be pursued as we have succeeded in obtaining pure PigR recombinant protein. 

Finally, X-ray crystallographic studies on MglA•SspA•PigR peptide complexes or yet 

more insightful MglA•SspA•full-length PigR complexes in the presence and absence of 

ppGpp would provide crucial information on how ppGpp modulates or affects this 

Francisella transcription regulatory network and provide new avenues into how to 

inhibit the pathogenicity of this bacterium. 

 



 

 125 

Appendix A. DNA-binding experiments with PigR 

PigR is a putative DNA-binding protein and hence is postulated to function in 

tethering the MglA•SspA•RNAP complex to DNA promoters. A specific DNA sequence 

in the upstream region of promoters regulated by MglA•SspA•PigR appears to be 

required for activation of promoters by this complex. Thus, this has led to the suggestion 

that PigR may bind this site and it was therefore called the PRE (PigR recognition 

element) (24). However, to date no studies have been performed to analyze DNA 

binding by purified, recombinant PigR protein. As understanding the DNA binding 

specificity of PigR is critical in understanding the mechanism of FPI regulation, we 

sought to characterize the binding of DNA sites, including the PRE, to purified PigR 

protein. 

A1. Fluorescence binding experiments for PigR and DNA 

FA experiments were first performed to analyze the interaction between PigR 

and PRE containing DNA. Initial FA experiments performed with PigR and oligos 

containing the PRE embedded within different lengths and sequences showed DNA 

binding (Table 7, Figure 25A). FA data in a buffer containing 300 mM NaCl with an oligo 

containing the PRE sequence with 9 bp flanking either side of the PRE (PRE full) can be 

fit to give a Kd of 160 ± 49 nM (Table 7, Figure 25A). However, the DNA-binding curves 

are somewhat sigmoidal, and the Kd is determined non-traditionally using a Gaussian 

curve to fit the data (Figure 25A). Because further experiments indicated that signal 
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saturation was not reached during the typical incubation time, the incubation time was 

optimized to achieve saturated binding per titration. By performing the FA experiment 

with an overnight incubation of individual reactions for each titration point, we were 

able to detect stable, saturated binding. The improvement in the assay is visible in the 

quality of the binding isotherm (compare Figure 25A,B), and the reduction of the Kd of 

PigR for the PRE full oligo to 6.3 ± 1.5 nM, indicating 25-fold improvement in binding 

(Table 8).  

Table 7. Fluoresceinated oligos used in PigR DNA-binding experiments. 

The PRE is underlined in sequences containing it. Specific sequences, PRE alone and 
PRE full, are derived from iglA promoter (Figure 5C). 
 

Name Sequence 

PRE alone                    6-FAM-TT AGCTGTA TA 
PRE full (9 bp flanking) 6-FAM-TTTAAATTT AGCTGTA TAAACA TTG 
Nonspecific TA-rich DNA 6-FAM-TAAAGGTTTAAATAACAGTTTAAA 
Nonspecific GC-rich ds-RNA CGGGCGGGCGACGGCGGU-6-FAM 

 

With the optimized experimental parameters, PigR binding was assayed with 

several fluoresceinated oligos (Table 7). As nonspecific binding can be reduced at higher 

salt concentrations, experiments were performed at 50 mM NaCl (Figure 25C) and 300 

mM NaCl (Figure 25D). Data were fit with a specific binding curve to give the affinity of 

PigR for each oligo (Table 8). Significantly, PigR demonstrates no preference for DNA 

containing the PRE over nonspecific TA-rich DNA. Slight preference against GC-rich ds 

RNA is detectable at 50 mM NaCl, but such binding is exacerbated at 300 mM when 
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PigR does not appear to bind the GC-rich oligo as the polarization signal is below the 

limits of noise in FA detection (ΔmP < 20). 

Comparison of the binding curves themselves is illuminating. While the binding 

curves at 50 mM NaCl for the various oligos are directly comparable (Figure 25C), 

dramatic differences are present at 300 mM NaCl (Figure 25D). Strikingly, PRE full is the 

only oligo with comparative changes in polarization (ΔmP of ~280) to what we see at 50 

mM NaCl. Following PRE full binding is the nonspecific TA-rich oligo (ΔmP of ~80), 

which shows a ~3.5 fold reduction in signal. Binding of the PRE alone gives a ΔmP of 

~35, representing an 8-fold reduction in signal from PRE full binding, and nonspecific 

GC-rich ds RNA gives a ΔmP of ~10 and represents no binding (as the polarization 

change is too low to quantify). Clearly, PigR interacts with these different oligos through 

sufficiently different modes to produce such dramatic changes in polarization. While it 

is attractive to speculate that PigR shows some preference for PRE full and TA-rich 

sequences in general, we must be careful not to over analyze the data. The fact that this 

difference in binding is seen at 300 mM NaCl, but not 50 mM NaCl, is unsurprising, as 

300 mM NaCl better resembles physiological conditions, and experiments performed at 

300 mM NaCl would show reduced nonspecific binding. 
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Figure 25. FA experiments to characterize interaction of PigR with the PRE. 

A) Characteristic binding curves resulting from traditional FA experiments with PigR 
and PRE full. Note the sigmoidal shape of the data, which is most visible with the 
experiment performed in 300 mM NaCl. To determine a Kd for this data, data was fit 
with a Gaussian curve to give 10 nM and 160 nM for the 50 and 300mM NaCl data, 
respectively. B) Improved binding curve when FA is performed with single point 
titrations and long incubation times. This data can be fit with a specific curve to give the 
Kd of ~5 nM binding for both 50 and 300 mM NaCl data. C) Representative curves for the 
binding of specific and nonspecific oligos by PigR at 50 mM NaCl. D) Representative 
curves for the binding of specific and nonspecific oligos by PigR at 300 mM NaCl. E) 
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Stoichiometry FA assay with PigR and PRE full performed at 50 mM NaCl. The 
intersection between the lines describing pre and post saturation data gives the 
inflection point where binding of the oligo is saturated. Saturation occurs at 490 nM 
PigR, indicating a 1:1 ratio of DNA to PigR, as the experiments was performed with 500 
nM DNA in solution. 

 

Table 8. Affinity of PigR for assorted oligos at 50 and 300 mM NaCl. 

The Kd, determined through FA experiments, provides the affinity of PigR for nucleotide 
oligos. Each Kd and standard deviation represents the average of at least three 
independent FA experiments. The Kd for PigR and nonspecific GC-rich oligo at 300 mM 
NaCl is given as no binding (NB) as measured polarization is below the noise limits. 
 

 Kd at 50 mM NaCl Kd at 300 mM NaCl 

PRE alone 8.6 ± 1.5 nM 13.3 ± 2.9 nM 

PRE full 5.2 ± 0.8 nM 6.3 ± 1.5 nM 

Nonspecific TA-rich 8.2 ± 0.8 nM 3.8 ± 0.3 nM 

Nonspecific GC-rich 30.3 ± 9.0 nM NB 

 

The data strongly support that PigR binds the PRE full DNA site. However, 

many questions remain as to the nature of this interaction. One question we attempted 

to answer was the stoichiometry of PigR in interactions with DNA. Both MerR and 

TnrA/GlnR family members interact with DNA as a dimer, giving a stoichiometry of 2:1 

for protein to DNA (68,74). To determine the binding ratio of PigR to PRE full, we 

performed an FA-based stoichiometry assay. In this experiment, fluoresceinated DNA is 

supplemented with unlabeled DNA to a concentration substantially higher than the Kd. 

As the Kd of PigR for PRE full is 5.2 nM at 50 mM NaCl, the stoichiometry assay was 

performed with a total DNA concentration of 500 nM, with 2 nM of fluoresceinated-
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DNA (and 498 nM non-fluoresceinated DNA), to allow for stoichiometric binding. 

Under these conditions, the stoichiometry for protein to DNA can be determined by 

measuring when DNA-binding transitions to saturated conditions. For a 1:1 interaction, 

saturation should occur at 500 nM PigR, while for a 2:1 (protein to DNA) interaction, 

saturation should occur at 1 µM (1000 nM) PigR. In this assay, the stoichiometry of PigR 

to PRE full is 1:1 (Figure 25E), as saturation occurs at 490 nM PigR, indicating that a 

single PigR subunit recognizes PRE full. 

A2. Discussion 

While our experiments indicate that PigR binds DNA, they do not conclusively 

show preference of PigR for the PRE. Indeed, PigR can bind every oligo we assayed with 

high affinity at 50 mM NaCl, but, at more physiologically relevant salt concentrations, 

PigR discriminates against GC-rich sequences. At 300 mM NaCl, the differences in 

measured polarization could indicate that PigR preferentially recognizes AT-rich DNA. 

As Francisella promoter regions are TA-rich, a preference for TA-rich sequence by PigR 

could indicate why MglA•SspA•PigR•RNAP colocalizes at promoters across Francisella 

(24). However, as Francisella chromosomal DNA is generally very TA-rich with a 

composition of ~67% TA (101), TA-rich sequence specificity could be a common feature 

for Francisella DNA-binding proteins. As described in Chapter 5 and above, dramatic 

changes in the polarization levels of FA data is often diagnostic of differences in the 

mode of ligand binding. PRE full produces the strongest polarization change (Figure 
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25D), which could reflect the specific recognition of PRE full by PigR that results in the 

localization of MglA•SspA•PigR•RNAP at MglA•SspA•PigR regulated genes.  

Intriguingly, PigR interacts with the PRE full DNA site with a stoichiometry of 

1:1 (Figure 25E). As MerR and TnrA/GlnR proteins recognize their cognate DNA with a 

ratio of 2:1, this further differentiates PigR from these protein families. The 1:1 

stoichiometry is unsurprising as the PRE is dramatically different from the typical 

cognate DNA for MerR and TnrA/GlnR. MerR and TnrA/GlnR proteins recognize 

palindromic DNA, where each subunit of the dimer provides symmetrical contact with 

the DNA sequence. The PRE, however, is not palindromic and the length is unlikely to 

accommodate a dimeric DNA-binding protein. The different DNA-recognition 

suggested by this stoichiometry, indicates that PigR recognizes DNA through a unique 

mechanism that requires further analysis. Structural information for PigR, and for PigR 

in complex with DNA will be illuminating. 

A3. Materials and methods 

A3.1 Fluorescence anisotropy experiments 

Full length PigR for FA experiments was expressed and purified as described in 

Chapter 4. FA experiments were performed in low salt (50 mM NaCl) or higher salt (300 

mM NaCl) conditions with 20 mM TRIS pH 7.5 and 5 % glycerol. Fluoresceinated DNA 

oligos were purchased from IDT (Integrated DNA Tecnologies, Inc., Coralville, Iowa). 

Oligos are described in Table 7. Specific oligos were designed based on the iglA 
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promoter to encode the PRE with (PRE full) or without (PRE alone) flanking sequence. 

Nonspecific oligos were also employed and included a TA-rich DNA oligo and a GC-

rich ds-RNA oligo. 

In initial FA experiments, PigR was titrated into buffer containing 1 nM 

fluoresceinated oligo. Initial data from these experiments was sigmoidal, and was fit 

with a Gaussian curve: 

𝑃!"#$ = 𝐴×𝑒𝑥𝑝(−
MglA • SspA − 𝐵 !

𝐶!
) + 𝐷 

To determine the Kd from the Gaussian curve, the data was normalized to easily 

determine the point of ½ maximal binding. The Kd was determined as the MglA•SspA 

concentration that gives ½ maximal binding when the data was normalized to one. 

Oligo-binding was improved by employing single point experiments with an increased 

incubation time. Thus, later FA experiments were performed with single point titrations, 

where each concentration of PigR represents a separate reaction with 1 nM oligo that 

was incubated overnight. Binding affinities reported in Table 8 are all from the latter 

type of experiments. Binding affinities were calculated for the later experiments using 

the specific binding equation described in the Materials and methods section of Chapter 

5. 

An FA stoichiometry assay was performed with 2 nM fluoresceinated PRE 18 

full, and 500 nM unlabeled PRE 18 full for each single point titration. The experiment 

was performed with 50 mM NaCl and incubated overnight before FA analysis. Data 
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points after the inflection point can be described by the line mP = 0.0135[PigR] + 236.51, 

data points before the inflection point can be described by the line mP = 0.4639[PigR] + 

15.657. Setting these two equations equal to one another allows for the determination of 

the intersection of the lines, which occurs at 490 nM PigR. 
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