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from the related chain.  R68 of each monomer makes a hydrogen bond from its side chain

to the main chain carbonyl oxygen of the symmetry related D63, and E62 of chain A is

part of a hydrogen bond network with the imidazole ring of H104, a water molecule, and

the hydroxyl group of S71 (not shown).  This network is completely within the same

protein chain, aside for the solvent interactions, and seems to help position H104 for its

role in zinc coordination (Figure 6.3C and Figure 6.5).

The core interactions of this surface are residues D63, E100, H104, and H103

from the symmetry related Rac1 molecule, which coordinate a zinc atom (Figure 6.3C

and Figure 6.5A).  This intermolecular interaction has two coordinated zinc atoms where

Figure 6.5: Zinc Coordination site at a 2-fold Crystallographic Axis of Symmetry

(A) Chain A (magenta) and a symmetry related Chain A (green) are shown and the

intermolecular contacts drawn.  Zinc is colored in dark orange and all amino acids are

labeled in black.

(B) A view of the residues at the interface that are involved in zinc coordination after a

180° and 45° rotation as described in the figure.  Chain A is colored in magenta and a

symmetry related Chain A is colored in green.
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each monomer donates residue H103 as a zinc coordinated residue in a “swapping”

interaction to its symmetry related element.  Each H103 residue is further stabilized by

van der waal stacking with the symmetry related H103 residue.  This coordination is also

tetrahedral and is reminiscent of the zinc coordination seen in the SEC2 crystal structure

(Papageorgiou, Acharya et al. 1995).  In this structure, zinc was coordinated by two

acidic residues and two histidines, with one residue being donated from a

crystallographically related molecule. In their studies, zinc was also reported to be needed

for efficient crystallization of SEC2.

6.5 Zinc Induced Conformations of Switch I and Switch II

 The conformation of Switch I when compared to known structures, shows that it

adopts the conical GDP bound conformation as expected (Figure 6.6).  Switch I is almost

identical in conformation to the YpkA-Rac1 GDP complex, and thus identical to the

conformation seen in RhoGDI-Rac1GDP complexes and RhoA GDP (Wei, Zhang et al.

1997; Prehna, Ivanov et al. 2006).  What is even more striking is that the zinc coordinated

Rac1 trimer, allows T35 to be stabilized by a hydrogen bonding interaction with a water

molecule and N39 of Switch I in a subsequent Rac1 monomer (Figure 6.4).  Thr35 of

Rac1 is important in magnesium binding, and thus GDP binding, and molecules such as

GDIs specifically stabilize this residue with a hydrogen bonding interaction to prevent

nucleotide dissociation (Scheffzek, Stephan et al. 2000; Grizot, Faure et al. 2001).  It

seems possible from this analysis that the oligomerization induced by zinc stabilizes

Switch I region in the GDP bound state and would prevent GDP dissociation.
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As previously described in Figure 6.5, Switch II is also involved in zinc

coordination, and undergoes a drastic conformational change upon binding zinc.

Normally, Switch II adopts one of two discrete canonical conformations based on its

bound nucleotide (Figure 6.6).  In contrast, Switch II in the Rac1-GDP-Zn complex

structure seems to adopt a completely novel fold based on zinc coordination.  The

coordination of zinc alters the fold of Switch II, rearranging hydrophobic packing

interactions and significantly displacing key elements of Switch I.  Normally, Y72

participates in the hydrophobic core at Switch II, but as shown in Figure 6.5, it rotates out

Figure 6.6: The Conformations of Switch I and Switch II

(A) The conformation of Switch I is the conical GDP bound form.  The Switch I from

the Rac1 GDP Zinc complex is shown in blue and aligned to a YpkA (434-732) Rac1

GDP complex shown in orange.  The zinc ion and the GDP are shown from the Rac1

GDP Zinc complex.

(B) Switch II adopts a novel conformation.  Switch II (blue) was aligned with a YpkA

(434-732) Rac1 GDP complex (orange) and the RhoGDI-2 Rac2 complex (red).  The

approximate locations of residues in the Switch II structure of the Rac1 GDP Zinc

complex are labeled in black.
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to face a symmetry related Rac1 molecule to make packing interactions.  Its role in

stabilizing the hydrophobic core is filled by L70, which moves into almost the same

position that Y72 fills in other Rac1 structures.  Residue Q61, which is involved in the

intrinsic GTPase activity of Rac1 is moved ~7.4Å, and residues E62 and D63, which is

involved directly in zinc coordination, are both moved ~10Å from their position as

compared to the GDP bound conformation of Rac1.

6.6 Biological Considerations of Zinc Coordination

The structure of a Rac1-GDP-Zn complex at 1.9Å resolution reveals the

surprising ability of Rac1 molecules to form a trimer due to the coordination of zinc.

Moreover, zinc coordination sites at packing surfaces stabilize the crystal structure, and

zinc coordination influences the conformation of the biologically important Switch

regions.  Additionally, although magnesium is known to form an octahedral coordination

site at Switch I to facilitate the binding of GDP, our data suggests that zinc can replace

the role of magnesium in GDP binding.  As the switch regions are involved in the

coordination of zinc, it is tempting to speculate that in some conditions zinc may be a

regulator of Rac1 signaling.

Zinc is found in a large number of crystal structures, and can serve a myriad of

biological purposes (Alberts, Nadassy et al. 1998).  The coordination of zinc by

biological structures has been shown to be important in catalysis, such as the protease

thermolysin and the alcohol dehydrogenase htADH (Holden and Matthews 1988;

Ceccarelli, Liang et al. 2004), structural stabilization, also in alcohol dehydrogenases and
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in the tumor suppressor p53 (Meplan, Richard et al. 2000; Ceccarelli, Liang et al. 2004),

and for macromolecular binding, such as zinc fingers (Brown 2005). However, other

crystal structures are known where zinc is simply present in the crystal and has no

biological function. An example is the zinc containing structure of the protease tonin,

which has a zinc coordination site similar to that of SEC2 (Papageorgiou, Acharya et al.

1995).  In this structure, the protein was crystallized in zinc containing buffer and it was

concluded that zinc had no biological role within the context of the protease (Fujinaga

and James 1987).

Despite the observation that zinc is present in our crystal structure and that zinc

can replace the role of magnesium in GDP binding, one must consider that the cytosolic

concentration of zinc relative to magnesium is extremely low - femtomolar ranges for

zinc compared to millimolar ranges for magnesium (Outten and O'Halloran 2001; Dudev

and Lim 2003).  In the cell, the concentration of zinc is kept far below that of magnesium

due to the sequestering of zinc into specialized compartments (Dudev 2001; Eide 2006).

Eukaryotic cells have devoted several genes to the regulation of zinc concentration within

various cellular compartments, store free zinc in "zincosomes." and zinc concentration

has been keyed to apoptosis (Truong-Tran, Ho et al. 2000; Eide 2006). Such

considerations argue that it is unlikely that zinc binding would play a role in the

regulation of RhoGTPase function in vivo, and that the novel conformations induced by

zinc binding will not likely be present in the normal physiological state of the cell.

Therefore, despite the intriguing possibilities raised for the regulation of RhoGTPase

function by zinc, without further biological mandate, our results remain at present tied

tightly to the artificial environment of the crystallization conditions.
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CHAPTER SEVEN:

CONCLUSIONS

7.1 The Yersinia Protein Kinase A GTPase Binding Domain

Virulence in Yersinia pseudotuburculosis depends upon the translocated virulence

factor YpkA(Galyov, Hakansson et al. 1993), a protein that is very highly conserved in

the plague pathogen, Yersinia pestis. Despite the known importance to virulence, little

has been forthcoming in understanding the mechanism of activity of YpkA.  This has

been particularly true of the C-terminal domain of the protein, which while known to

bind Rho GTPases, has remained enigmatic in terms of function.

The co-crystal structure of a C-terminal domain of YpkA and Rac1 reveals that

this bacterial virulence factor mimics host Rho-family GDI proteins in its binding to the

GTPase, and also in its ability to inhibit nucleotide exchange.  Loss-of-contact mutations

in YpkA that impair Rac1 and RhoA binding abolish this GDI-like activity, and severely

diminish the cytoskeletal disruption induced by this domain.  Furthermore, these

mutations severely decrease virulence in a mouse model of infection.  Altogether, these

data strongly suggest that YpkA mimics host GDI proteins by acting as an “off switch” to

modulate the Rac1-associated signaling pathways that regulate host cytoskeletal

structure.  When considering the role of YpkA with the function of the other Yops, we

find that the GDI-like activity of YpkA complements the activities of YopT and YopE.

In other words, YpkA, YopT, and YopE drive the Rho-family GTPase signaling pathway

to the "off" state which results in the deregulation of the host actin cytoskeleton and

therefore an inhibition of phagocytosis and a host immune response.
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As described in Chapter 1 and Chapter 3, previous work with YpkA predicted that

the small GTPase binding surface might consist of multiple ACC finger-like elements,

similar to those found in downstream effector kinases such as PKN (Maesaki, Ihara et al.

1999; Maesaki, Shimizu et al. 1999; Dukuzumuremyi, Rosqvist et al. 2000).  The crystal

structure of YpkA (434-732) shows that many of the previously predicted ACC finger

segments either map to loop regions or are in inaccessible regions (see Chapter 3.2).

Additionally, structural alignments with ACC finger elements and subsequent

mutagenesis experiments showed that these structural predictions were not sufficient to

locate the elements necessary for GTPase binding (see Chapter 3.2).  This comparative

analysis taken with the crystal structure of a YpkA Rac1 complex shows that YpkA does

not contain an ACC coiled-coil finger, and YpkA does not bind across the β-sheet region

of the small GTPase (β2 and β3 of RhoA/Rac1).  Instead, YpkA contributes to the

formation of an inter-molecular helical cluster with Switch II and directly contacts Switch

I, influencing their conformations. The YpkA binding to Rac1 is more similar in location

to the secondary contact in the asymmetric unit of the crystal structure of PKN/RhoA,

although the details of the structures are quite different (Maesaki, Ihara et al. 1999;

Maesaki, Shimizu et al. 1999; Dukuzumuremyi, Rosqvist et al. 2000).

In Chapter 4.5 we show that the GDI-like activity is essential for virulence in

Yersinia, although we find a curious experimental result where YpkA null mutants seem

to have no effect on virulence in Yersinia.  We are not alone in these observations as

similar phenotypes have been reported by other groups (Logsdon and Mecsas 2003;

Trulzsch, Sporleder et al. 2004).  As we have already postulated, one possible

explanation for these results is that null mutations in ypkA result in increased



122

translocation of other Yop virulence factors in vivo, which compensates for the loss of

YpkA function.  More precisely, considering that the T3SS is a highly regulated system

requiring multiple signals for proper secretion, some of which are encoded within the

protein sequence of the Yop (one for secretion by the T3SS and another for interaction

with a chaperone) that deletion of an entire gene may unbalance this system.  The loss of

an entire gene may simply allow greater quantities of the other Yops to be secreted at a

higher rate, thus compensating for the loss of YpkA.  Another possibility is that there is

an unknown Yop that is redundant with the GTPase binding of YpkA.  In the case where

YpkA is completely deleted the T3SS may compensate by the secretion of higher levels

of this redundant Yop, which then shows a phenotype that YpkA is not essential for

virulence.  On the other hand, point mutants which still allow a full length but inactive

protein to be secreted would not be compensated by another Yop, thus showing a loss of

virulence.  A final possibility is that the deletion of an entire gene on the pYV plasmid

itself causes deregulation or other unforeseeable changes in the expression of the Yops.

Although other possibilities exist and it is presently difficult to experimentally probe

these possibilities, what is certain is that ideally virulence should be judged based on

those alterations, such as point mutations in contrast to entire gene deletion, that disturb

the system as minimally as possible.

7.2 The Yersinia Protein Kinase and Drug Design

In agreement with past results, our experimental results with the kinase domain of

YpkA show that activity is dependent upon an interaction with actin (see Section 5.1).
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Although, in contrast to past results, we show that the simple deletion of a C-terminal

element does not necessary correlate to actin binding.  Previous results showed that the

removal the C-terminal 20 amino acids abolished kinase activity and actin binding (Juris,

Rudolph et al. 2000).  Our results show that all of the C-terminal deletion constructs are

poorly soluble and are thus most likely poorly folded (Figure 3.1).  Specifically, we

created several constructs with C-terminal deletions that removed the last helix, all of

which were significantly destabilized (Compare Figure 3.1, 115-701 to 115-732 and 434-

701/705/718 to 434-732).  As described in Chapter 3, the structure reveals that a removal

of this helical region would extensively expose the hydrophobic core and remove a large

segment stabilizing the fold of this sub-domain.  Thus, although we also show in

agreement with past analysis that some similarity with the actin binding protein coronin

does exists at the sequence level, both our biochemical and structural observations

indicate that it is unclear if this C-terminal segment is responsible for actin binding or

kinase activation.  These arguments show that further studies are required to examine the

actin-associated aspects of kinase activation.

Recently it has been described that YpkA is auto-phosphorylated in a region in

the N-terminus of YpkA, and that interaction with this N-terminal segment in addition to

the C-terminal coronin homology region is necessary for full kinase activity (Trasak,

Zenner et al. 2007).  Considering our biochemical and structural observations as

described above, again, it is unclear if the C-terminal region is in fact interacting with

actin.  Additionally, although Trasak and colleagues found phosphorylation sites by

mass-spectrometry, our results show that these sites of modification are not necessary for

activity, nor are at the very least the only sites of phosphorylation (see Chapter 5.1).
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Specifically, Trasak et al. found that residues S90 and S95 in YopO (S93 and S98 in

YpkA) are sites of auto-phosphorylation and that this modification was necessary for the

full activity.  In contrast, our construct YpkA (115-732) seems to be just as active as

YpkA (1-732) and shows similar levels of auto-phosphorylation as the wild type (Figure

5.1).  Not only does our construct display full activity, but does not contain the N-

terminal region that was shown to be the sites of auto-phosphorylation.  Our data

demonstrate that it is still unclear how YpkA interacts with and is activated by actin.

What is promising is that the work by Trasak and colleagues has revealed the necessary

steps to form a complex between YpkA and G-actin that can be isolated by gel filtration.

The solution of an X-ray crystal structure of such a complex seems to be necessary to

reveal the mechanism of actin binding and kinase activation.

Although no X-ray crystal structure currently exists for the YpkA kinase domain,

we have constructed a model for use in virtual screening for inhibitors.  This has allowed

us to characterize some potential drug scaffolds for future development into anti-plague

therapeutics.  Despite the use of a YpkA model based largely on similarities to MAPK,

we have managed find two inhibitors (compounds 3 and 4, Figure 5.6) that are specific

for YpkA as compared to MAPK.  Additionally, as mentioned in Chapter 5, these

compounds seem to be novel kinase inhibitors and are thus especially promising.

Although these compounds are the first characterized small molecule inhibitors of YpkA,

representing a large first step in antibiotic design, there is still much work to be done to

create a viable drug.  Subsequent rounds of modification and rescreening of the

compounds could yield better drugs, in addition to the need of the X-ray crystal structure

of the YpkA kinase domain.  The solution of this structure would allow a more accurate
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picture of the active site for screening, not only producing better inhibitors and more

specific inhibitors, but would also open the possibility for the solution of co-crystal

structures of YpkA with inhibitors.  Such co-crystals would reveal the exact mode of

binding and thus allow for structure driven drug design.  Finally, an exploration of

compounds that can cross the host cell membrane and are viable within a host cell

without high toxicity is also necessary for the creation of a final antibiotic product.

7.3 A Rac1-GDP-Zinc Complex

The solution of a Rac1-GDP-Zinc complex suggests a hypothetical biological role

for zinc in small GTPase biology.  The conformation and binding interactions involving

Switch I, Switch II, and zinc, imply that under certain conditions zinc may be able to

serve as a signaling regulator.  The structure of Switch I is stabilized not only by zinc

coordination, but also by significant interactions with other Rac1 monomers within the

asymmetric unit.  This binding mode would not only shield Switch I from its binding

regulators and effectors, but in effect locks down the Switch I conformation in the GDP

bound, or signaling inert state.  Even more striking is that zinc coordination at Switch II

induces a completely novel fold of this region, which would most likely prevent the

ability of known GAPs, GEFs, GDIs, or other downstream effectors from binding the

small GTPase. The novel conformation of Switch II induced by zinc binding underscores

the switch regions propensity for modulation and possibility to conform to other roles as

not yet previously characterized.  This overall effect could serve for a novel regulation of

Rac1, particularly with sensitivity to zinc concentration within the cell, resulting in zinc
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based signaling events.  This is not completely hypothetical, as mammalian cells have

devoted several genes to the regulation of zinc concentration within various cellular

compartments(Eide 2006).  Any deregulation or stimuli to alter the zinc concentration

within the cytosol could result in a novel pathway to alter the conformation of Rac1, and

thus serve as a signaling event.  This may reflect a new zinc-dependent signaling mode of

the GTPase, perhaps binding to unknown Rac1 effectors.

Although zinc coordination by Rac1 offers a potential new facet to small GTPase

biology, especially considering that zinc can replace the role of magnesium in GDP

binding, one must consider that the cytosolic concentration of zinc relative to magnesium

is low (Outten and O'Halloran 2001).  Based on this and other data, it is postulated that

due to the higher affinity of zinc over magnesium for typical metal coordination sites in

proteins, biological molecules that coordinate magnesium only do so due to the evolution

of the cellular machinery that governs metal ion concentrations in cellular compartments

(Dudev 2001; Eide 2006).  Such a postulate would explain why Rac1 normally

coordinates magnesium instead of zinc, and fits with our observations that high zinc

concentrations cause the replacement of zinc for magnesium, and induce the switch

regions of Rac1 to adopt specific, and in the case of Switch II, novel conformations that

could potentially interfere with its normal signaling role.  Although the possibilities for

GTPase zinc regulation are intriguing, as described above and in greater detail in Chapter

6, without further biochemical characterization and considering the low zinc content of

the cytosol relative to magnesium, it is unclear if this trimer complex is an artifact of

crystallization or if zinc is somehow involved in a biological context.
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