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Abstract 

RAS GTPases are proto-oncoproteins that regulate cell growth, proliferation, and differentiation in 

response to extracellular signals. The signaling functions of RAS, and other small GTPases, are 

dependent on their ability to cycle between GDP-bound and GTP-bound states. Structural analyses 

suggest that GTP hydrolysis catalyzed by HRAS can be regulated by an allosteric site located between 

helices 3, 4 and loop 7. Here we explore the relationship between intrinsic GTP hydrolysis on HRAS 

and the position of helix 3 and loop 7 through manipulation of the allosteric site, showing that the two 

sites are functionally connected. We generated several hydrophobic mutations in the allosteric site of 

HRAS to promote shifts in helix 3 relative to helix 4. By combining crystallography and enzymology to 

study these mutants, we show that closure of the allosteric site correlates with increased hydrolysis of 

GTP on HRAS in solution. Interestingly, binding to the RAS binding domain of RAF kinase (RAF-RBD) 

inhibits GTP hydrolysis in the mutants. This behavior may be representative of a cluster of poorly 

understood mutations that occur in human tumors, which potentially cooperate with RAF complex 

formation to stabilize the GTP-bound state of RAS.    
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Impact statement: Small GTPases regulate cell signaling by switching between GTP- and GDP-bound 

states. Transition to the GDP-bound state depends on GTP hydrolysis. Here, we show that GTP 

hydrolysis in HRAS is altered by mutations outside its active site, providing a rare demonstration of 

allostery in a small GTPase. This allosteric function may relate to RAS interaction with RAF kinases 

and reflects an underappreciated oncogenic mechanism of HRAS, NRAS, and KRAS. 
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Introduction 

 Understanding how proto-oncogenes regulate cell signaling is critical to understanding their role 

in both homeostasis and disease. For instance, KRAS, NRAS, and HRAS (collectively RAS) are 

peripheral membrane hub proteins that activate many different signaling pathways, including the 

RAF/MEK/ERK signaling pathway, which is essential for cell differentiation, proliferation and survival 1. 

RAS proteins regulate cell signaling through the controlled cycling of GTP- and GDP-bound states. 

When bound to GTP, RAS is in a signaling active state that interacts with downstream effectors, such 

as RAF kinase 2; 3. When Ras is bound to GDP, it is in its inactive state that cannot bind effectors. 

Point-mutations in KRAS, NRAS and HRAS act to stabilize the GTP bound state and are found in 16%, 

2.6% and 0.9% of all cancers, respectively 4. Unfortunately, despite the recent approval of KRAS-

specific inhibitors Sotorasib and Adagrasib which target G12C mutations, the vast majority of KRAS, 

NRAS, and HRAS mutants remain elusive to therapeutic intervention 5. Therefore, more work is needed 

to understand the molecular mechanisms through which RAS and its effectors work.  

To maintain homeostasis, inactivation of RAS is driven by hydrolysis of GTP to GDP. This can 

occur through GTPase-activating proteins (GAPs) which bind to the active site of RAS 6. This 

mechanism is widely viewed as critical to maintaining the homeostatic functions of RAS, because many 

GAPs (e.g. NF1, p120GAP) are found inactivated in tumors 4. However, regulation of the GTP bound 

state of RAS by GAPs alone is difficult to reconcile for several reasons. The p120GAP (also called 

RASA1) protein cannot compete with Ras effectors, including RAF, under physiological-like conditions 

7, and it is well documented that RAF blocks GAP activity by binding to RAS 7-11. Furthermore, the 

spectrum of cancers that frequently show NF1 and p120GAP inactivation weakly overlap with those 

with activating RAS mutations 4. Thus, an alternative means to inactivate RAS may rely on intrinsic 

hydrolysis in the absence of GAP proteins. While this mechanism of hydrolysis occurs slowly under 
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most studied conditions (0.006-0.019 min-1) 12, we put forth a model whereby intrinsic hydrolysis could 

be enhanced in a regulated manner from an allosteric site via a network of water-mediated H-bonding 

interactions to the Ras active site 13; 14. In this model (Figure 1A, left), stabilization of the active site 

into a closed conformation (e.g. state 2) by RAF kinase, or another effector, increases dependency of 

the intrinsic hydrolysis reaction on the conformation of switch II (Figure 1A, right). Structural analysis 

suggests that movement of helix 3 toward a pocket on the other side of the protein (allosteric site, 

Figure 1A) allows switch II to become ordered in the active site, placing catalytic residues near GTP. 

We hypothesize that these changes in conformation are responsible for intrinsic GTP hydrolysis.  

The active site of HRAS undergoes several conformational transitions once it becomes bound 

to GTP 3; 15. Here, we differentiate the sub-states of state 2 relevant to our model of hydrolysis as the 

inactive ‘T-state’ (grey, Figure 1A) and the catalytically active ‘R-state’ (green, Figure 1A) 2. In our 

previous crystallography experiments, the transition of HRAS from the T-state to the R-state was 

accomplished by either growing or soaking protein crystals with Ca(OAc)2. Calcium and acetate are 

likely ligand mimetics as they bind weakly to the allosteric site in solution 16. In the presence of bound 

Ca2+ and acetate, helix 3 (residues 93-104) and loop 7 (residues 105-108) shift toward helix 4, allowing 

switch II (residues 60-76) to stabilize the R-state conformation (green, Figure 1B). This promotes a 

pre-transition state where Y32 from switch I (residues 28-40) and Q61 from switch II (residues 60-76) 

interact with a ‘bridging’ water molecule that also forms an H-bond with the g-phosphate of GTP. This 

water molecule, which carries a partial positive charge, neutralizes the accumulation of negative charge 

at the b- and g-phosphates of GTP during the hydrolysis reaction 17. The bridging water molecule is 

thus positioned to lower the transition state energy associated with GTP hydrolysis similar to the 

arginine finger introduced by GAPs 13; 18. 
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In the present work, we explicitly studied the relationship between allosteric and active sites to 

understand the mechanism through which the disorder to order transition in switch II completes the 

active site for GTP hydrolysis. We designed a series of hydrophobic mutants of R97 on HRAS, 

determined their crystal structures, which revealed their conformation in either R- or T-states, and 

measured the hydrolysis rate constant for each mutant in the absence and presence of Raf-RBD. In 

the wild type T-state, R97 is partially buried in a relatively large hydrophobic pocket at the base of the 

allosteric site (dotted oval, Figure 1B). In the wild type R-state, R97 transitions out of the hydrophobic 

pocket and forms a salt-bridge with the acetate molecule, which also interacts with the bound calcium 

ion. With the help of an H-bond between Y137 (helix 4) and H94 (helix3), the bound calcium and acetate 

ions promote a shift in helix 3 toward helix 4 (Figure 1B). We hypothesized that hydrophobic mutants 

of R97 would similarly promote the shift of helix 3 toward helix 4, by packing in the hydrophobic pocket, 

thereby facilitating the R-state transition in a ligand-independent manner.  

To test the relationship between the R-state and intrinsic GTP hydrolysis, we crystallized seven 

R97 mutants in different crystal forms to determine the extent to which each mutation promoted 

conformations associated with the R-state, and then correlated these changes to measurements of 

GTP hydrolysis rate constants. By combining our structure and hydrolysis data, we show that closure 

of the allosteric site (e.g. shift of helix 3 toward helix 4) correlates with an increase in GTP hydrolysis. 

Unexpectedly, RAF inhibits hydrolysis to varying degrees in a mutation-specific manner. For instance, 

R97M has a larger hydrolysis rate constant than wild type HRAS, yet unlike the wildtype protein, it 

shows a ~50% reduction in activity in the presence of RAF1-RBD. Our data show that some 

hydrophobic mutations in the allosteric site can enhance the GTP-bound state of RAS when RAF 

kinases are present, and explain the presence of allosteric site mutations of KRAS found in some 

human tumors. Furthermore, our work is a proof-of-principle demonstration showing that manipulation 
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of the allosteric site leads to changes in hydrolysis, paving the way for the development of pro-

hydrolysis RAS inhibitors. 

 

Results and Discussion 

R- and T-state classification of crystalized HRAS R97 mutants 

HRAS crystals with R32 space group symmetry have switch II and the C-terminal end of helix 3 

away from crystal contacts, allowing for transition between R- and T-states in the crystals 13; 19. Thus, 

this crystal form is ideal for assessing the effects of the R97 mutants on the switch II/helix 3/allosteric 

site conformational states (Supplementary Table 1). Mutants of HRAS in the R-state showed 

stabilization of the bridging water molecule in the active site, stabilization of switch II into an ordered 

helix, and movement of helix 3 toward helix 4 (Figure 2A). The nucleophilic water was present in each 

of our crystal structures (Figure 2A-B). 

The R-state favoring mutants R97V, R97I, R97L, and R97M, stabilized the bridging water 

molecule in the active site via an H-bond with Y32 (Figure 2A, yellow dashes). Likewise, switch II of 

these mutants was well ordered and formed an H-bond network with helix 3 consistent with the network 

described for wildtype HRAS in the R-state 13, including participation of Y96 which was shifted toward 

switch II in these mutants (arrow, Figure 2C). However, despite the overall features of the R-state, 

none of the R97V, R97I, R97L nor R97M structures captured Q61 in a conformation that allowed H-

bonding with the bridging water molecule (Figure 2A).  

The R97A, R97F, and R97G structures showed active site and switch II features more like the 

T-state, including absence of the bridging water molecule and a direct interaction between the side 

chain of Y32 and the g-phosphate of GTP (Figure 2B). Typically switch II in the T-state is disordered 

(residues 61-69), however it can be stabilized in an ‘anti-catalytic’ conformation that is overall similar to 
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small GTPase RAN in complex with IMPORTIN-b (PDB code 1IBR 20), which we previously also 

observed for the oncogenic mutant HRAS Q61L 13; 21. While R97A adopts the ‘anti-catalytic’ 

conformation with helix 3 in the T-state, R97F is in the T-state with an extended disorder of switch II, 

from residues 61 to 72 (Figure 2C). In R97G, electron density supports a switch II helical structure 

similar to the R-state (Figure 2C), although a second conformation of key residues associated with the 

T-state is also supported by the electron density maps (not shown). Consistent with these features, 

Y96 in R97G is in an R-state position, whereas Y96 in R97A and R97F are in a T-state position (Figure 

2C).  

The overall structural features observed for the allosteric site mutants support our initial 

hypothesis that mutation of R97 to hydrophobic residues with side chains of moderate size induces a 

shift of helix 3 to promote the R-state independent of bound Ca2+ and acetate. This is consistent with 

our expectation of a functional connection between the allosteric and active sites of HRAS. As shown 

in Supplementary Table 2, there was no apparent correlation between crystallization condition (i.e. 

Ca(AOc)2, PEG) and whether the crystallized proteins favored the R- or T-states, indicating that the 

R97 mutation is the main determinant. However, given that only a subset of these mutations induces 

this shift suggests that both the extent of side chain packing, and the relative position of those amino 

acid residues in the packing interaction, play a role in the transitions between R- and T-states. This is 

exemplified by our R97A, R97F and R97G mutants. R97F appears too large to pack in the hydrophobic 

cluster in the allosteric site to stabilize helix 3 in the R-state, while the smallest side chain at R97 (i.e. 

R97A) does not pack at all and leaves helix 3 shifted toward switch II in the T-state. Increasing helix 3 

flexibility by removing the R97 side chain altogether (i.e. R97G) appears to decrease the barrier 

between states, resulting in a mixture of the R- and T-states.  
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Allosteric site mutants stabilize the R-state through compensatory interactions  

We next focused on the details of packing in the allosteric site to understand the mechanism 

through which each R97 mutant favors the active site in the R-state or T-state. In our canonical R-state 

structure of HRAS, Ca2+ and acetate bind in the allosteric site to stabilize helix 3 toward helix 4, with 

backbone interactions between Y137 of helix 4, R97 in helix 3, and D107 of loop 7 (see inset, Figure 

3A). Although Ca(AOc)2 is present in the crystallization mother liquor in all R32 crystals, calcium and 

acetate did not bind in the allosteric site in any of the structures and instead we observed a single water 

molecule in each of the R-state favoring structures (‘bridge water’, Figure 3A). This water molecule 

forms H-bonds with the backbone carbonyl groups of both Y137 and D107, replacing the interactions 

observed for Ca2+ in the wild type HRAS structure. Simultaneously, the side chain of Y137 shifts slightly 

to optimize packing with the various hydrophobic side chains at residue 97. Furthermore, K101 in R97V, 

R97L, and R97M was shifted toward the solvent to overlap with the position occupied by R97 in the 

wild type HRAS in the R-state. In the R-state mutants, the conformation of K101 is stabilized by 

proximity to D107 (Figure 3A). Thus, in addition to the water molecule between helix 4 and loop 7, the 

interaction between the side chains of D107 and K101 appears to compensate for the loss of the 

acetate-R97 interaction. R97I is an exception, as K101 is disordered in that structure due to D107 

taking on an alternate conformation (magenta structure, Figure 3A). 

 Consistent with our active site observations, loop 7 and helix 3 in the T-state favoring mutants 

R97A and R97F were shifted away from helix 4 (Figure 2C and Figure 3B). However, the allosteric 

site water molecule was present in the crystal structure of R97F (Figure 3B), indicating that binding of 

this water molecule is not sufficient to drive the T- to R-state shift. As expected, K101 in R97A and 

R97F is oriented away from the allosteric site, as it is in the wild type HRAS in the absence of Ca(AOc)2 

(see inset, Figure 3B), suggesting that this position is a characteristic of the T-state. In contrast, R97G 
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favored K101 placement into the allosteric site, and overall showed allosteric site features like the R-

state favoring mutants (cyan structures, Figure 2C and Figure 3B).  

The overall residue conformations in the hydrophobic pocket for the R97 variants remain similar 

to those observed in the wild type structures, as they are likely to be important for the stability of the 

protein core.  However, conformational changes do occur for residues I93 and Y137 adjacent to the 

mutation site (Figure 3C-D). In both the R- and T-states of wild type HRAS, the tyrosyl ring of Y137 

interacts with the hydrocarbon moiety of R97 (see inset, Figure 3A-B). In R97M, R97L, and R97I, 

Y137 also packs against the mutant 97 residue, but is rotated 90˚ (Figure 3C). Furthermore, the I93 

side chain in these structures is found in a different rotamer thereby making room for the bulky 

hydrophobic side chains at residue 97. The smaller V97 side chain preserved the conformation of both 

Y137 and I93 as in the wild type structure. Notably, the rotated tyrosyl group of Y137 H-bonds with helix 

3 residues H94 and E98 in the R-state mutants (not shown), while this is not observed for the T-state 

favoring mutants (below). Though subtle, these compensatory packing alterations demonstrate the 

influence of the hydrophobic cluster at the base of the allosteric site on the global conformation of HRAS. 

Likewise, since the R97V structure revealed minimal changes in allosteric site interactions, its 

conformation of switch II and helix 3 were the most consistent with wild type HRAS in the R-state 

(Figure 2C). 

In R97F, R97G, and R97A, rotation of Y137 is only seen in the presence of F97, while the 

conformation of I93 was unaltered in each of these structures (Figure 3D). Thus, changes in the 

conformation of I93 and Y137 correlate to some degree with the R- and T-states. However, the nature 

of their influence on this global transition was not immediately obvious. Coincidentally, the HRAS R97 

mutants, except for R97V and R97A, also crystallized with P3221 symmetry in the same conditions that 

yielded crystals with R32 symmetry (Supplementary Table 3). Unlike R32 crystals of HRAS, P3221 
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crystals show more extensive crystal contacts at the allosteric site, helix 3 and switch II 22; 23. 

Furthermore, helix 3 in this crystal form is stabilized in the R-state conformation due to crystal packing. 

Thus, P3221 crystals provide a view of the allosteric effects of the R-state conformation on I93 and 

Y137, not only in the R-state mutants, but also on those that are found in the T-state in R32 crystals 

where switch II is free of crystal contacts.  As expected, we observed the same series of packing 

interactions for the R-state mutants in the P3221 crystals as were seen for their R32 crystals. This is 

because the observed changes in I93 and Y137 are necessary to accommodate the bulky side chains 

at residue 97 within the more closely packed allosteric site associated with the R-state (Figure 3E). 

Interestingly, while the R97A, R97G, and R97F mutants retain their I93 side chain conformations as 

observed in the wild type HRAS structures in their R32 crystals, both the bulky R97F side chain and 

non-side chain mutant R97G in P3221 crystals show I93 side chain conformations as in the R-state 

mutants (Figure 3F). While Y137 is near the allosteric site surface with room to adjust its conformation, 

the I93 residue is packed in the protein core and is located on helix 3 opposite the active site. Thus, 

the R-state promoted by crystal packing requires adjustment of I93 for bulky side chain mutations of 

R97. Conversely, changes in the I93 side chain conformation could affect the active site with a potential 

impact on GTP hydrolysis. 

A role of I93 in the global Ras dynamics has been suggested before from 15N NMR experiments 

24; 25, consistent with our structural observations of changes in conformations of this side chain in 

response to mutation of R97. Likewise, Y137 is more dynamic than suggested by the crystal structures 

alone, as it is a site of phosphorylation in HRAS by ABL kinase 26. Changes in the conformations of 

I93 and Y137 revealed in P3221 crystals of R97G suggest increased conformational plasticity in the 

allosteric site in the absence of a residue 97 side chain. In these crystals, I93 is in its alternate rotamer, 

despite no obvious cause due to packing, and Y137 is in the alternate rotated conformation (Figure 
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3F), as observed only for the R-state mutants in R32 crystals. Overall, it appears that Y137 and I93 are 

connected to the active site in a manner that correlates with the R-state and T-state conformations. R-

state mutants require a change in packing at the adjacent hydrophobic cluster, while T-state mutants 

accommodate the hydrophobic cluster as in the wild type due to a more spacious allosteric site with 

helix 3 shifted toward switch II. In crystals where the active site is stabilized in an R-state like 

conformation with helix 3 shifted toward helix 4 (i.e. P3221 crystals) the conformational changes in I93 

and Y137 are observed to accommodate this shift in the context of the bulky mutant side chains as 

expected. However, adjustment of I93 in response to active site R-state stabilization without an obvious 

cause as seen in the R97G mutant suggests that I93 participates in the communication between the 

allosteric and active sites in a way that is not fully understood. 

 Under our experimental conditions, neither R97V nor R97A crystalized in the P3221 space group. 

In the case of R97V, this may be due to this mutant favoring an active site most similar to wild type 

HRAS in the R-state (Figure 2C). In contrast, R97A stabilizes ordering of switch II into the anti-catalytic 

T-state conformation, which is inconsistent with crystal packing of P3221 (Figure 2C). Given the small 

side chain of residue A97, it was expected to behave like the R97G mutant, with electron density maps 

showing a mixture of R- and T-state conformations. However, crystals of HRAS R97A grown at 18˚C 

yielded a structure with full occupancy of the anti-catalytic T-state conformation without calcium or 

acetate bound in the allosteric site (Figure 2 and Figure 3). Interestingly, we did observe the R-state 

when crystals of HRAS R97A were grown under the same solution conditions but at 4˚C (Figure 4). It 

appears that a decrease in crystal growth temperature stabilizes the R97A R-state, with switch II making 

extensive intramolecular contacts in a more compact structure. At 4˚C, R97A adopts a more packed 

allosteric site, with the water molecule present and both K101 and helix 3 shifted toward the site (Figure 

4A). As expected, the conformations of I93 and Y137 were unchanged in this structure, as the alanine 
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side chain allows for the wild type conformations associated with the hydrophobic cluster adjacent to 

the allosteric site. Likewise, Y96 was shifted toward switch II, and switch II was fully ordered in an R-

state conformation (Figure 4A). The active site was also stabilized in the R-state (Figure 4B), as 

observed in all the R-state favoring R97 mutants (Figure 2A). It is not surprising that a mutation at R97 

which has a propensity for both R- and T-state conformations, would favor the more packed R-state 

structure at the lower crystal growth temperature and the more disordered T-state at room temperature, 

given increased thermal motions. 

 

The R-state enhances GTP hydrolysis by HRAS 

Our experiments indicate that the transition between R- and T-states is dynamic and that the 

balance of conformational states between them can vary both with point mutations and with 

temperature. To correlate these conformational shifts with biochemical outcomes at physiologically 

relevant temperature, we performed single-turnover GTP hydrolysis assays at 37˚C (Supplementary 

Table 4) and compared the first-order rate constants of these reactions to allosteric site packing in each 

of the variants. Since the placement of Y137 and M111 hardly shifts within our current structures, and 

R102 moves with helix 3, we used Heron’s rule to calculate the triangular area between the Cas of 

Y137, M111 and R102 in the R32 crystal structures as a way of measuring the allosteric site closure 

indicative of tighter packing between helices 3 and 4.  

Comparisons between allosteric site closure and GTP hydrolysis are shown as orange dots in 

Figure 5A. Closure of the allosteric site correlates with an increase in the intrinsic hydrolysis rate 

constant of GTP, reflecting an increase in R-state populated HRAS as observed in our crystal structures 

of the R-state R97 mutants (R97V, R97L, R97I, and R97M in Figure 5A). Even R97G, which favored 

R-state features outside the active site, showed an increase in its hydrolysis rate constant (orange 
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circle, Figure 5A). Likewise, the T-state favoring mutants R97F and R97A showed lower rate constants 

than wild type HRAS. For R97A, these hydrolysis data were consistent with the observed T-state 

conformation at the higher crystallization temperature (red circle, Figure 5A).   

Part of the allosteric model for intrinsic hydrolysis involves stabilization of switch I in a closed 

conformation by the RAS effector RAF (step 1, Figure 1A). Since RAF binds switch I but not switch II, 

the T-state mutants are expected to retain a disordered switch II and RAF binding should not alter GTP 

hydrolysis, as is the case for wild type HRAS (2RGE in Supplementary Table 4). Indeed, binding of 

RAF1-RBD had no effect on GTP hydrolysis for the T-state mutants (e.g. R97F and R97A) 

(Supplementary Table 5). However, our model predicts that addition of RAF1-RBD should synergize 

with R-state favoring mutants of R97, stabilizing switch I and switch II to enhance GTP hydrolysis. 

However, the hydrolysis rate constant was reduced to varying degrees in the R-state mutants (black 

dots, Figure 5A). Of special note was GTP hydrolysis by R97G in the presence of RAF1-RBD, which 

was too slow to model in any significant way (Figure 5B). Clearly, the ordering of switch II in the 

presence of RAF1-RBD with a stabilized switch I is not sufficient to promote GTP hydrolysis. Perhaps 

the alternative conformations of I93 and Y137 we observe in our R97 mutants help to decouple the 

cooperative motions that occur between the allosteric site, helix 3, and switch II, particularly regarding 

the placement of catalytic residue Q61 for hydrolysis of GTP. 

Taken together, our data show unequivocally that the allosteric site is in communication with the 

active site of HRAS, where it influences the rate of GTP hydrolysis on HRAS. However, GTP hydrolysis 

is impaired by the combined effect of RAF binding, and the conformational changes at I93 and Y137 

necessary for packing of the R97 mutants’ bulky side chains. This is demonstrated in the decrease in 

GTP hydrolysis of R97G and the R-state favoring mutants, particularly for those with normal or slightly 

enhanced GTP hydrolysis in the absence of RAF1-RBD. Binding of RAF1-RBD quenches switch I 
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dynamics in HRAS while simultaneously increasing motions in switch II 27; 28. This could alter 

catalytically productive placement of Q61 in the active site for the allosteric site mutants in the presence 

of RAF1-RBD.  

 

Conclusions   

Here, we establish a functional link between the active and allosteric sites in HRAS by showing 

that modulation of the allosteric site by mutagenesis affects the rate constants for GTP hydrolysis. This 

link was previously proposed based on structural analysis of HRAS in a crystal form where switch I is 

in the conformation observed in the RAS/RAF1-RBD complex and switch II is free of crystal contacts 

(PDB ID 3K8Y) 13.  An H-bonding network linking the allosteric site to the active site was clearly 

observed, leading us to predict that measuring hydrolysis rate constants in the presence of Ca(AcO)2 

should reveal enhanced intrinsic hydrolysis of GTP on RAS, given that the binding of calcium and 

acetate to the allosteric site was expected to order the active site in solution as it does in the crystals. 

This turned out not to be the case, consistent with NMR experiments that aimed at probing the metal 

binding properties of the allosteric site in solution. The NMR experiments revealed weak and non-

selective binding of metal ions 16, contrary to what was observed in the crystals, where Ca2+ was clearly 

selected over Mg2+ 13. Since these early experiments, we have shown that RAF1-RBD promotes robust 

dimerization of RAS on supported lipid bilayers and to a smaller extent in solution 29. The crystal 

structure of the HRAS/RAF1-RBD complex (PDB ID 4G0N) shows that RAS forms a dimer through 

helices a4 and a5 (the a4- a5 dimer), generated through a 2-fold crystallographic symmetry axis 28. 

This dimer appeared again in a structure of KRAS/RAF-RBD-CRD (PDB ID 6XI7) 30. The a4- a5 dimer 

is also present in crystals of HRAS (PDB ID 3K8Y) where we first observed the connection between 

the allosteric and active sites 13. As the allosteric site is adjacent to the dimer interface, it is possible 
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that the Ca2+ binding site is stabilized in the RAS dimer, providing increased affinity and specificity for 

Ca2+. This would explain the solution NMR experiments under conditions where RAS is entirely in its 

monomeric form 16; 31 and the lack of response to Ca2+ in terms of GTP hydrolysis rate constants in 

monomeric RAS. As the Ca2+ binding issue remains unresolved, site directed mutagenesis was used 

in the current study to systematically perturb the allosteric site and show that the proposed R-state 

modulated by a shift in helix 3 toward helix 4 indeed correlates with hydrolysis of GTP on RAS.  

The results presented here suggest two critical points that are generally relevant to small 

GTPases. First, more attention to allostery is needed to properly understand the intrinsic GTP 

hydrolysis reaction performed by different small GTPases. While we focused on HRAS here, the role 

of allostery in regulating the function of oncogenic mutants of NRAS, and even more so KRAS, are also 

needed. These two isoforms are well conserved between HRAS (95% sequence similarity), yet some 

amino acid substitutions exist near the allosteric site and network 12. These isoforms differ from HRAS 

in their dynamics and ability to promote GTP hydrolysis 12; 15; 32-34. Whether the allosteric site plays 

a role in these functional differences, and how the allosteric site interacts with oncogenic mutations in 

the active site, is a necessary next step to a better understand these critically important enzymes. 

Second, the study of small GTPase allostery will likely provide a more complete picture of their evolution 

as signaling proteins. RAS, as well as many other small GTPases, are unlike other well-studied 

enzymes in that they have evolved to have poor catalytic efficiency on their own 35, and thus could be 

greatly susceptible to allosteric modulation of GTP hydrolysis. For instance, despite structural 

similarities between ATPases and GTPases, such as the well conserved P-loop, enzymes of these two 

families can show up to six-orders of magnitude differences in their phosphoryl-transfer capabilities 36; 

37. While the experiments described here looked at mutations of a single residue, they demonstrate 

that the allosteric site could be an underappreciated region in this evolution. 
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While our experiments show a functional connection between the allosteric site and the active 

site, the role of RAF in our hydrolysis experiments shows more complexity than implied in our previously 

published mechanism of intrinsic hydrolysis 13, where RAF primarily played the role of stabilizing switch 

I in a closed conformation (Figure 1). At that point we had not yet considered the effect of binding RAF 

on increased dynamics of switch II 28. The experiments we present here show that binding of RAF to 

RAS alters the balance of R- and T- conformational states in the direction of the T-state, determined 

by a lower GTP hydrolysis rate constant. This effect varies among the allosteric site mutants. Thus, the 

increase in switch II dynamics seen for HRAS-RAF complexation represents a mechanism to 

destabilize the R-state 27; 28, which appears to synergize with the allosteric site mutants in our study. 

This synergy appears to be important, as the dynamic change in switch II has little effect on intrinsic 

GTP hydrolysis for wild type HRAS in complex with RAF-RBD.  

Interestingly, the work presented here provides an explanation for a cluster of poorly studied 

RAS mutations found in human tumors (Figure 6) 38. From our hydrolysis experiments with RAF1-

RBD, we can infer that some of these mutations may inhibit GTP hydrolysis on the RAF1-RAS complex 

to enhance signaling through MAPK signaling pathway and thereby promote cell growth. For instance, 

it is likely that RAF1 will cooperate with NRAS R97G and KRAS R97I to decrease GTP hydrolysis. 

Some of the allosteric site oncogenic mutations may destabilize the R-state by impairing the 

cooperative interactions that occur between helix 3, loop7 and helix 4, or interrupting binding with a 

putative allosteric ligand, thereby increasing the overall activated state of RAS in the cell (orange 

residues, Figure 6). In the case of I93V, the valine mutation will essentially mimic the preferred rotamer 

of I93 in our R-state favoring structures of HRAS, indicating that it could influence the T- to R-state 

transition via destabilizing hydrophobic packing beneath the allosteric site. Other mutations found in 
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this pocket may have similar effects (yellow residues, Figure 6). Thus, dissection of the allosteric site 

will provide a better understanding of disease mutations that have been difficult to characterize 5.  

Finally, this work revitalizes the possibility of utilizing intrinsic hydrolysis to attenuate or block the 

oncogenic activities of RAS. While the most common oncogenic mutations in KRAS target GAP-

mediated hydrolysis, many (if not most) oncogenic mutations retain some form of intrinsic hydrolysis 5. 

Thus, targeting the allosteric site may be a potential means to activate intrinsic hydrolysis. Indeed, we 

previously showed that the allosteric site can be utilized to drive G12V mutants of HRAS into the R-

state when crystals of this mutant are soaked in Ca(OAc)2 14. More studies on the allosteric site are 

needed to understand its role in cellular homeostasis and to leverage it against RAS driven cancers. 

 

Materials and Methods 

Experimental design to explore allostery in Ras 

The allosteric site consists of a ring of polar (Y137, H94) and charged residues (D107, K101, 

E98) surrounding R97, which is poised over a hydrophobic pocket formed by the sidechains of I93, 

C80, M111, L113, L133, Y137, I139 and the aliphatic carbon chain of R97 (Figure 1B and Figure 6). 

A potential space for packing in the hydrophobic pocket was observed during initial analyses and R97 

was mutated to hydrophobic residues. This could drive the R-state transition by packing of the mutated 

side chain in the core, thereby shifting the helix 3 balance of conformational states toward helix 4. 

Moderate (i.e. R97V, R97L, R97I) and large (i.e. R97M, R97F) packing mutations were tested, as well 

as different side-chain configurations (i.e. R97L vs. R97I, R97M vs. R97F). Moderately sized groups 

were expected to favor the R-state and the larger hydrophobic groups to sterically prevent the motion 

of helix 3 toward helix 4, which is necessary for the R-state. Increased flexibility (R97G) and loss of 

packing (R97A) mutations were also tested. The large hydrophobic mutants were expected to favor the 
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T-state due to steric interactions within the allosteric stie, and the R97A and R97G mutants were 

expected to favor the T-state due to increased dynamics of both helix 3 and switch II.  

Mutagenesis, protein purification and enzymology 

 All mutant protein for crystallization and hydrolysis used residues 1-166 comprising the catalytic 

G-domain of HRAS (EC 3.6.5.2). Residue 97 mutations to glycine, alanine, valine, isoleucine, 

methionine and phenylalanine of HRAS were made using a two-stage mutagenesis protocol 39, based 

on QuikChange parameters. The RAS proteins were purified as previously described 40 and so was 

C-RAF1-RBD (RAF1-RBD; EC 2.7.11.1) 26. In order to crystallize HRAS mutants in their active form 

(i.e. GTP bound), we exchanged GDP for a non-hydrolyzable GTP-analogue guanylyl-5-

imidodiphosphate (GppNHp) using an established protocol 40. Protein for hydrolysis was kept bound 

to GDP, and both the GDP and the GppNHp bound proteins, were transferred into stabilization buffer 

(20 mM HEPES, 50 mM NaCl, 20 mM MgCl2, 1 mM DTT, pH 7.5). Immediately after buffer exchange, 

protein was flash frozen in liquid nitrogen, in 20-100µL aliquots, and stored at -80˚C. Protein purity was 

determined using SDS-PAGE and concentration was determined to be 12-20 mg/mL using the Bradford 

assay 41. 

 Single turnover hydrolysis reactions for the R97 mutants were performed as previously published 

42, with small modifications described here. All reactions were performed at 37˚C. GDP-bound RAS 

(5µM) was preloaded with 32P-γ-GTP (50nM) from Perkin Elmer, for 5 minutes in exchange buffer (20 

mM Tris, 1 mM EDTA, 2 mM DTT, pH 8.0) in a 100µL reaction. Once nucleotide was exchanged, 

initiation of hydrolysis was done by adding 4µL of nucleotide exchange reaction, to 16µL of pre-warmed 

hydrolysis buffer (20 mM Tris, 100 mM NaCl, 5 mM MgCl2, 2 mM DTT, and pH 8.0), to produce a 5-

fold dilution of RAS and nucleotide concentration. Sixteen total reactions were performed for each 

single-turnover experiment, corresponding to 16 time points at 0, 2, 4, 6, 8, 10, 12, 14, 16, 20, 25, 30, 
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40, 50, 60, 80 and 100 minutes. Amount of 32Pi formed for each time point was determined by organic 

extraction 43; 44, and detection of b-emission was done using a HIDEX liquid scintillation counter. 

Recorded CPM and TDCR measurements were used to determine the fmols of 32Pi formed during the 

reaction using a published procedure 42. Reactions were then converted into concentration (nM) of 32Pi 

before analysis. 

Kinetic Modeling 

 Dyanfit4 was used to determine the rate constants for intrinsic hydrolysis (khyd) for each of the 

HRAS R97 mutants 45; 46, using protocols that we previously published in detail for RAS proteins 12. 

For each reaction, two parameters were determined: khyd and the starting concentration of RAS-GTP. 

Fitting of RAS-GTP was performed to mitigate errors in the estimation of protein concentration, titration 

errors, and differences in GTP concentration due to radioactive decay. Since the association and 

dissociation rates for binding of RAF1-RBD to HRAS are significantly faster than the intrinsic hydrolysis 

of Ras 47, we assumed that the association and dissociation rates were also significantly higher for the 

HRAS mutants and so were not included in the parameter model. We were successful in using a first-

order kinetic mechanism for wild type HRAS and all the allosteric site mutants except for R97G in the 

presence of RAF1-RBD, where the reaction was too slow to measure (Figure 5B). Rates and rate 

constants determined by Dynafit4 can be found in Supplementary Tables 4 and 5. 

Protein crystallization 

 All protein for these crystallization experiments were prepared in the same way as the protein 

used for our hydrolysis assays. Crystallization was performed using the sitting drop and vapor diffusion 

methods using various concentrations of Ca(OAc)2 and PEG 3350 for each mutant around the original 

hit condition 28 from the Hampton Research PEG Ion Screen. We obtained crystals of HRAS R97G, 

R97I, R97L, R97M, and R97F mutants with symmetries of both R32 and P3221 space groups, while 
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the R97A and R97V mutants were only crystallized with symmetry of the R32 space group. The crystals 

were grown in 2µL by 2µL protein to mother liquor drops. Prior to X-ray diffraction and data collection, 

crystals were briefly soaked in mother liquor containing 30% glycerol for cryoprotection. X-ray diffraction 

data for R97F crystallized with P3221 symmetry, and all of the HRAS R97G, R97A, R97V, R97I, R97L, 

and R97M bound to GppNHp data were collected on a home source instrument (Rigaku MicroMax 007 

R-AxisIV++). Data for the R97F and R97A crystals with R32 symmetry were collected on the ID-22 SER-

CAT beamline at the Advanced Photon Source (Argonne National Laboratory). Diffraction data were 

collected at 100K for both the home and synchrotron X-ray sources.  

Indexing, integration, scaling and post-refinement were performed on HKL3000 48, and data 

collection statistics can be found in Supplementary Table 1 and 3. Molecular replacement was 

performed using the default settings in the auto-MR program in the PHENIX suite of programs 49; the 

PDB model 1CTQ was used as a phasing model for the P3221 crystals, and PDB model 3K8Y was 

used as a phasing model for the R32 crystals—ligands were not included in molecular replacement. 

After molecular replacement, starting models were edited for the correct mutation, and ligands (i.e., 

GppNHp-Mg), were set to full occupancy. PHENIX was then used to perform a single round of simulated 

annealing to remove model bias. Further refinement and model building was performed by alternating 

use of PHENIX and the model-building program COOT 50. Refinement statistics can be found in 

Supplementary Table 1 and 3. 

 

Supplementary material description: 

Table 1: Statistics R32 protein crystals 

Table 2: Crystallization conditions 

Table 3: Statistics P3221 protein crystals 
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Table 4: Hydrolysis rates and rate constants for H-Ras R97 mutants 

Table 5: Hydrolysis rates and rate constants for H-Ras R97 mutants in the presences of Raf1-RBD 

 

Acknowledgements: This project was originally funded by NSF MCB 1244203 and completed with 

NSF MCB 2121426 awarded to Carla Mattos. 

 

 

Contributions: Carla Mattos conceived of the project. Susan Fetics crystallized and solved the 

structure of R97L in the P3221 and R32 space groups. Kathleen Davis crystallized the R97A mutant, in 

both R- and T-state R32 space groups. Jose Rodrigues crystallized the R97G mutant in the R32 space 

group. Christian Johnson crystallized the remaining allosteric site mutants, designed experiments, 

performed all GTP hydrolysis experiments. Carla Mattos and Christian Johnson designed experiments 

and wrote the paper.   

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 29, 2023. ; https://doi.org/10.1101/2023.05.29.542740doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.29.542740


	 22	

References 

1.	 Fernandez-Medarde	 A,	 Santos	 E.	 2011.	 Ras	 in	 cancer	 and	 developmental	 diseases.	 Genes	 Cancer.	
2(3):344-358.	

2.	Johnson	CW,	Mattos	C.	2013.	The	allosteric	switch	and	conformational	states	in	ras	gtpase	affected	by	
small	 molecules.	 In:	 Fuyuhiko	 T,	 editor.	 Inhibitors	 of	 the	 ras	 superfamily	 g-proteins,	 part	 a.	
Academic	Press.	p.	41-67.	

3.	Lu	S,	Jang	H,	Muratcioglu	S,	Gursoy	A,	Keskin	O,	Nussinov	R,	Zhang	J.	2016.	Ras	conformational	ensembles,	
allostery,	and	signaling.	Chem	Rev.	116(11):6607-6665.	

4.	 Consortium	 APG.	 2017.	 Aacr	 project	 genie:	 Powering	 precision	 medicine	 through	 an	 international	
consortium.	Cancer	Discov.	7(8):818-831.	

5.	Johnson	C,	Burkhart	DL,	Haigis	KM.	2022.	Classification	of	kras-activating	mutations	and	the	implications	
for	therapeutic	intervention.	Cancer	Discov.	12(4):913-923.	

6.	Scheffzek	K,	Ahmadian	MR,	Kabsch	W,	Wiesmuller	L,	Lautwein	A,	Schmitz	F,	Wittinghofer	A.	1997.	The	
ras-rasgap	complex:	Structural	basis	 for	gtpase	activation	and	 its	 loss	 in	oncogenic	 ras	mutants.	
Science.	277(5324):333-338.	

7.	 Smith	MJ,	 Ikura	M.	2014.	 Integrated	 ras	 signaling	defined	by	parallel	nmr	detection	of	 effectors	 and	
regulators.	Nat	Chem	Biol.	10(3):223-230.	

8.	 Scheffler	 JE,	Waugh	DS,	 Bekesi	 E,	 Kiefer	 SE,	 Losaedo	 JE,	Neri	 A,	 Prinzo	KM,	 Tsao	KL,	Wegrzynski	 B,	
Emerson	 SD	 et	 al.	 1994.	 Characterization	 of	 a	 78-residue	 fragment	 of	 c-raf-1	 that	 comprises	 a	
minimal	binding	domain	for	the	interaction	with	ras-gtp.	J	Biol	Chem.	269(35):22340-22346.	

9.	Warne	PH,	Viciana	PR,	Downward	J.	1993.	Direct	interaction	of	ras	and	the	amino-terminal	region	of	raf-
1	in	vitro.	Nature.	364:352-355.	

10.	Zhang	X,	 Settleman	 J,	Kyriakis	 JM,	Takeuchi-Suzuki	E,	Elledge	SJ,	Marshall	MS,	Bruder	 JT,	Rapp	UR,	
Avruch	 J.	 1993.	 Normal	 and	 oncogenic	 p21ras	 proteins	 bind	 to	 the	 amino-terminal	 regulatory	
domain	of	c-raf-1.	Nature.	364:308-313.	

11.	Moodie	SA,	Paris	M,	Villafranca	E,	Kirshmeier	P,	Willumsen	BM,	Wolfman	A.	1995.	Different	structural	
requirements	 within	 the	 switch	 ii	 region	 of	 the	 ras	 protein	 for	 interactions	 with	 specific	
downstream	targets.	Oncogene.	11(3):447-454.	

12.	Johnson	CW,	Reid	D,	Parker	JA,	Salter	S,	Knihtila	R,	Kuzmic	P,	Mattos	C.	2017.	The	small	gtpases	k-ras,	
n-ras,	and	h-ras	have	distinct	biochemical	properties	determined	by	allosteric	effects.	J	Biol	Chem.	
292(31):12981-12993.	

13.	Buhrman	G,	Holzapfel	G,	Fetics	S,	Mattos	C.	2010.	Allosteric	modulation	of	ras	positions	q61	for	a	direct	
role	in	catalysis.	Proc	Natl	Acad	Sci	U	S	A.	107(11):4931-4936.	

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 29, 2023. ; https://doi.org/10.1101/2023.05.29.542740doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.29.542740


	 23	

14.	Buhrman	G,	Kumar	VS,	Cirit	M,	Haugh	JM,	Mattos	C.	2011.	Allosteric	modulation	of	ras-gtp	is	linked	to	
signal	transduction	through	raf	kinase.	J	Biol	Chem.	286(5):3323-3331.	

15.	Volmar	AY,	Guterres	H,	Zhou	H,	Reid	D,	Pavlopoulos	S,	Makowski	L,	Mattos	C.	2022.	Mechanisms	of	
isoform-specific	residue	influence	on	gtp-bound	hras,	kras,	and	nras.	Biophys	J.	

16.	O'Connor	C,	Kovrigin	EL.	2012.	Characterization	of	the	second	ion-binding	site	in	the	g	domain	of	h-ras.	
Biochemistry.	51(48):9638-9648.	

17.	Du	X,	Sprang	SR.	2009.	Transition	state	structures	and	the	roles	of	catalytic	residues	in	gap-facilitated	
gtpase	of	ras	as	elucidated	by	(18)o	kinetic	isotope	effects.	Biochemistry.	48(21):4538-4547.	

18.	Knihtila	R,	Holzapfel	G,	Weiss	K,	Meilleur	F,	Mattos	C.	2015.	Neutron	crystal	structure	of	ras	gtpase	puts	
in	question	the	protonation	state	of	the	gtp	gamma-phosphate.	J	Biol	Chem.	290(52):31025-31036.	

19.	Holzapfel	 G,	 Buhrman	G,	Mattos	 C.	 2012.	 Shift	 in	 the	 equilibrium	between	 on	 and	 off	 states	 of	 the	
allosteric	 switch	 in	 ras-gppnhp	 affected	 by	 small	 molecules	 and	 bulk	 solvent	 composition.	
Biochemistry.	51(31):6114-6126.	

20.	Vetter	IR,	Arndt	A,	Kutay	U,	Gorlich	D,	Wittinghofer	A.	1999.	Structural	view	of	the	ran-importin	beta	
interaction	at	2.3	a	resolution.	Cell.	97(5):635-646.	

21.	Buhrman	G,	Wink	G,	Mattos	C.	2007.	Transformation	efficiency	of	rasq61	mutants	linked	to	structural	
features	of	the	switch	regions	in	the	presence	of	raf.	Structure.	15(12):1618-1629.	

22.	Scheidig	AJ,	Burmester	C,	Goody	RS.	1999.	The	pre-hydrolysis	state	of	p21ras	in	complex	with	gtp:	New	
insights	into	the	role	of	water	molecules	in	the	gtp	hydrolysis	reaction	of	ras-like	proteins.	Structure.	
7(11):1311-1324.	

23.	Buhrman	G,	de	Serrano	V,	Mattos	C.	2003.	Organic	solvents	order	the	dynamic	switch	ii	in	ras	crystals.	
Structure.	11(7):747-751.	

24.	O'Connor	C,	Kovrigin	EL.	2008.	Global	conformational	dynamics	in	ras.	Biochemistry.	47(39):10244-
10246.	

25.	Chao	FA,	Dharmaiah	S,	Taylor	T,	Messing	S,	Gillette	W,	Esposito	D,	Nissley	DV,	McCormick	F,	Byrd	RA,	
Simanshu	DK	et	al.	2022.	Insights	into	the	cross	talk	between	effector	and	allosteric	lobes	of	kras	
from	methyl	conformational	dynamics.	J	Am	Chem	Soc.	144(9):4196-4205.	

26.	Ting	PY,	Johnson	CW,	Fang	C,	Cao	X,	Graeber	TG,	Mattos	C,	Colicelli	J.	2015.	Tyrosine	phosphorylation	
of	ras	by	abl	allosterically	enhances	effector	binding.	FASEB	J.	29(9):3750-3761.	

27.	Li	ZL,	Mattos	C,	Buck	M.	2022.	Computational	studies	of	the	principle	of	dynamic-change-driven	protein	
interactions.	Structure.	30(6):909-916	e902.	

28.	Fetics	SK,	Guterres	H,	Kearney	BM,	Buhrman	G,	Ma	B,	Nussinov	R,	Mattos	C.	2015.	Allosteric	effects	of	
the	oncogenic	rasq61l	mutant	on	raf-rbd.	Structure.	23(3):505-516.	

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 29, 2023. ; https://doi.org/10.1101/2023.05.29.542740doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.29.542740


	 24	

29.	Packer	MR,	Parker	JA,	Chung	JK,	Li	Z,	Lee	YK,	Cookis	T,	Guterres	H,	Alvarez	S,	Hossain	MA,	Donnelly	DP	
et	al.	2021.	Raf	promotes	dimerization	of	the	ras	g-domain	with	increased	allosteric	connections.	
Proc	Natl	Acad	Sci	U	S	A.	118(10).	

30.	Tran	TH,	Chan	AH,	Young	LC,	Bindu	L,	Neale	C,	Messing	S,	Dharmaiah	S,	Taylor	T,	Denson	JP,	Esposito	D	
et	 al.	 2021.	 Kras	 interaction	 with	 raf1	 ras-binding	 domain	 and	 cysteine-rich	 domain	 provides	
insights	into	ras-mediated	raf	activation.	Nat	Commun.	12(1):1176.	

31.	Kovrigina	EA,	Galiakhmetov	AR,	Kovrigin	EL.	2015.	The	ras	g	domain	lacks	the	intrinsic	propensity	to	
form	dimers.	Biophys	J.	109(5):1000-1008.	

32.	Parker	JA,	Volmar	AY,	Pavlopoulos	S,	Mattos	C.	2018.	K-ras	populates	conformational	states	differently	
from	its	isoform	h-ras	and	oncogenic	mutant	k-rasg12d.	Structure.	26(6):810-820	e814.	

33.	Harrison	RA,	Lu	J,	Carrasco	M,	Hunter	J,	Manandhar	A,	Gondi	S,	Westover	KD,	Engen	JR.	2016.	Structural	
dynamics	in	ras	and	related	proteins	upon	nucleotide	switching.	J	Mol	Biol.	428(23):4723-4735.	

34.	Killoran	RC,	Smith	MJ.	2019.	Conformational	resolution	of	nucleotide	cycling	and	effector	interactions	
for	multiple	small	gtpases	determined	in	parallel.	J	Biol	Chem.	294(25):9937-9948.	

35.	Cherfils	J,	Zeghouf	M.	2013.	Regulation	of	small	gtpases	by	gefs,	gaps,	and	gdis.	Physiol	Rev.	93(1):269-
309.	

36.	Wittinghofer	A.	2016.	Gtp	and	atp	hydrolysis	in	biology.	Biopolymers.	105(8):419-421.	

37.	Wittinghofer	A,	Vetter	IR.	2011.	Structure-function	relationships	of	the	g	domain,	a	canonical	switch	
motif.	Annu	Rev	Biochem.	80:943-971.	

38.	Forbes	SA,	Beare	D,	Gunasekaran	P,	Leung	K,	Bindal	N,	Boutselakis	H,	Ding	M,	Bamford	S,	Cole	C,	Ward	
S	 et	 al.	 2014.	 Cosmic:	 Exploring	 the	world's	 knowledge	 of	 somatic	mutations	 in	 human	 cancer.	
Nucleic	Acids	Res.	43(D1):D805-D811.	

39.	Wang	W,	Malcolm	BA.	2001.	Two-stage	polymerase	chain	reaction	protocol	allowing	introduction	of	
multiple	mutations,	deletions,	and	insertions,	usignquickchange	(™)	site-directed	mutagenesis.	In:	
Braman	J,	editor.	In	vitro	mutagenesis	protocols.	2nd	ed.	Totowa,	NJ:	Humana	Press	Inc.	

40.	Johnson	CW,	Buhrman	G,	Ting	PY,	Colicelli	J,	Mattos	C.	2016.	Expression,	purification,	crystallization	
and	x-ray	data	collection	for	ras	and	its	mutants.	Data	in	Brief.	6:423-427.	

41.	 Bradford	MM.	 1976.	A	 rapid	 and	 sensitive	method	 for	 the	 quantitation	 of	microgram	quantities	 of	
protein	utilizing	the	principle	of	protein-dye	binding.	Analytical	Biochemistry.	72:248-254.	

42.	Kearney	BM,	 Johnson	CW,	Roberts	DM,	 Swartz	 P,	Mattos	 C.	 2014.	Drop:	A	water	 analysis	 program	
identifies	ras-gtp-specific	pathway	of	communication	between	membrane-interacting	regions	and	
the	active	site.	J	Mol	Biol.	426(3):611-629.	

43.	 Bollag	 G,	McCormick	 F.	 1995.	 Intrinsic	 and	 gtpase-activating	 protein-stimulated	 ras	 gtpase	 assays.	
Methods	Enzymol.	255:161-170.	

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 29, 2023. ; https://doi.org/10.1101/2023.05.29.542740doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.29.542740


	 25	

44.	Shacter	E.	1984.	Organic	extraction	of	pi	with	isobutanol/toluene.	Anal	Biochem.	138(2):416-420.	

45.	Kuzmic	P.	2009.	Dynafit--a	software	package	for	enzymology.	Methods	Enzymol.	467:247-280.	

46.	Kuzmic	P.	1996.	Program	dynafit	for	the	analysis	of	enzyme	kinetic	data:	Application	to	hiv	proteinase.	
Anal	Biochem.	237(2):260-273.	

47.	Sydor	JR,	Engelhard	M,	Wittinghofer	A,	Goody	RS,	Herrmann	C.	1998.	Transient	kinetic	studies	on	the	
interaction	of	ras	and	the	ras-binding	domain	of	c-raf-1	reveal	rapid	equilibration	of	the	complex.	
Biochemistry.	37:14292-14299.	

48.	 Otwinowski	 Z,	 Minor	 W.	 1997.	 Processing	 of	 x-ray	 diffraction	 data	 collected	 in	 oscillation	 mode.	
Macromolecular	Crystallography,	Pt	A.	276:307-326.	

49.	Adams	PD,	Afonine	PV,	Bunkoczi	G,	Chen	VB,	Davis	IW,	Echols	N,	Headd	JJ,	Hung	LW,	Kapral	GJ,	Grosse-
Kunstleve	 RW	 et	 al.	 2010.	 Phenix:	 A	 comprehensive	 python-based	 system	 for	 macromolecular	
structure	solution.	Acta	Crystallogr	D	Biol	Crystallogr.	66(Pt	2):213-221.	

50.	Emsley	P,	Cowtan	K.	2004.	Coot:	Model-building	tools	for	molecular	graphics.	Acta	Crystallogr	D	Biol	
Crystallogr.	60(Pt	12	Pt	1):2126-2132.	

  

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 29, 2023. ; https://doi.org/10.1101/2023.05.29.542740doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.29.542740


	 26 

Figure Legends 

 

Figure 1. Mutations at R97 induce increased packing in the allosteric site. (A) Model for the regulation of intrinsic 

hydrolysis by allosteric site transitions. (B) Residue interactions of the allosteric site when HRAS is in the R- and T-states. 

 

Figure 2: Classification of R32 protein crystals from HRAS R97 mutants. (A) R97V, R97L, R97M, and R97I conserve all 

features of the R-state except the conformation of Q61. Inset shows wildtype HRAS in the R-state (PDB code 3K8Y 13). 

The catalytic residues Y32 and Q61, and the bridging and nucleophilic waters of wildtype HRAS are shown in black for 

reference. (B) R97A, R97G, and R97F have active site features similar to the T-state. Inset shows Q61 and nucleophilic 

water in black for wildtype HRAS in the T-state (PDB code 2RGE21). (C) Comparison helix 3 and switch II in each of the 

R97 mutants. Wildtype reference structures are included in bold for the R-state, T-state and the T-state when HRAS is in 

the ‘anti-catalytic’ conformation (PDB code 4DLZ 19). In light grey is an overlay of the R-state. The black arrow denotes 

the location of Y96. 

 

Figure 3: R97 mutants promote compensatory interactions in the allosteric site and hydrophobic pocket. (A) R-state 

favoring mutants show a ‘bridge’ water in the allosteric site that replaces Ca2+ while K101 compensates for loss of the 

guanidinium group of R97. Inset shows the allosteric site of wildtype HRAS in the R-state (PDB code 3K8Y 13). Y137, 

R97, K101, D107, acetate and water molecules coordinated to Ca2+ (green) are shown in black. (B) With the exception of 
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R97G, the T-state favoring mutants do not show compensation by K101, nor closure of the allosteric site. Inset shows the 

allosteric site of wildtype HRAS in the T-state (PDB code 2RGE 21), with Y137, D107, R97, and K101 in black for 

reference. (C) and (D) are the hydrophobic pockets of R97 mutants crystallized in the R32 space group. (E) and (F) are 

the mutants crystallized in the P3221 space group, with wildtype HRAS shown in black for reference (PDB code 1CTQ 

22). 

 

Figure 4: R97A crystals stabilize the R-state when grown at 4˚C. (A) Crystals of R97A grown at 4˚C (beige) stabilize the 

allosteric site in the R-state conformation (B) 4˚C crystals of R97A show an active site consistent with the R-state 

conformation. 

 

Figure 5: GTP hydrolysis is sensitive to both allosteric site mutation and binding to RAF1-RBD (A) Correlation of allosteric 

site closure and intrinsic hydrolysis. Orange dots reflect first-order rate constants for intrinsic GTP hydrolysis of the R97 

mutants. Black dots also reflect first-order rate constants, but in the presence of excess purified RAF1-RBD. (B) Single-

turnover reaction for HRAS R97G alone (red line) or in the presence of excess RAF1-RBD (blue line). Each dot 

represents at least triplicate measurements of radioactive Pi at the indicated time point. 

 

Figure 6: Mutations in the allosteric pocket found in cancer. Boxes represent mutations found at that residue. Residue 

colors are explained in the text. All mutations were identified in the COSMIC database.  
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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