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INTRODUCTION

The physical basis for the effects of mutations that

drastically alter the stability of a protein or that alter en-

zymatic activity sometimes can easily be understood.

This is not the case, however, for mutations that interfere

with the activity of a protein by altering an allosteric reg-

ulatory mechanism. Understanding such more subtle

properties requires incisive experimental studies and/or

computational analysis. Mutations at position 15 in the

N-terminal arm of the gene regulatory protein, AraC, are

one such class.

The dimeric AraC protein is the arabinose-responsive

regulator of the genes in Escherichia coli that are required

for the uptake and catabolism of arabinose.1–7 AraC pro-

tein has been very well studied, initially because it

appeared to be an unusual activator of gene expression,

later because it was found to repress expression via a DNA

looping mechanism,8 and continuing into the present

because the system is one of a few that is suitable for a

deep, but cost effective, analysis that includes genetic, mo-

lecular genetic, biochemical, biophysical, and computa-

tional studies.9 The intense and prolonged study has pro-

vided the structures of the two domains of the protein as

well as a proposal for its mechanism of action, called the

light switch mechanism.10–12 Although the mechanism

explains a substantial body of experimental data, much

about the protein’s regulatory activities remains to be

understood. The behavior of mutations at position 15 of

the N-terminal arm of AraC differs from the behavior of

mutations elsewhere in the 20-residue arm.13 Mutations

at this position do not activate transcription in the pres-

ence of arabinose. Almost all alterations in other arm

positions render the protein constitutive.13,14 That is,
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ABSTRACT

Most mutations at position 15 in the N-terminal arm of the regulatory protein AraC leave the protein incapable of respond-

ing to arabinose and inducing the proteins required for arabinose catabolism. Mutations at other positions of the arm do

not have this behavior. Simple energetic analysis of the interactions between the arm and bound arabinose do not explain

the uninducibility of AraC with mutations at position 15. Extensive molecular dynamics (MD) simulations, carried out

largely on the Open Science Grid, were done of the wild-type protein with and without bound arabinose and of all possible

mutations at position 15, many of which were constructed and measured for this work. Good correlation was found for devi-

ation of arm position during the simulations and inducibility as measured in vivo of the same mutant proteins. Analysis of

the MD trajectories revealed that preservation of the shape of the arm is critical to inducibility. To maintain the correct

shape of the arm, the strengths of three interactions observed to be strong in simulations of the wild-type AraC protein

need to be preserved. These interactions are between arabinose and residue 15, arabinose and residues 8–9, and residue 13

and residue 15. The latter interaction is notable because residues L9, Y13, F15, W95, and Y97 form a hydrophobic cluster

which needs to be preserved for retention of the correct shape.
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instead of repressing transcription from the pBAD promoter

in the absence of arabinose and inducing transcription in

the presence of arabinose, as is the case for wild-type

AraC protein, constitutive AraC mutants induce transcrip-

tion both in the absence and presence of arabinose.

In addition to the concentration of constitutive muta-

tions in the N-terminal arm of AraC, the role of the arm

in the protein’s response to arabinose was highlighted by

the crystal structures of the domain obtained in the pres-

ence and absence of arabinose. In the presence of arabi-

nose, the arm was found to be folded over the bound

arabinose,10 and in the absence of arabinose, the arm

was found to be folded in a completely different struc-

ture and was not positioned over the arabinose binding

pocket.11,14,15 The remainder of the dimerization do-

main retained the same structure with and without

bound arabinose.

When this study was begun, eight mutations in residue

15 had been isolated.13 All failed to induce the ara pBAD
operon in the presence of arabinose. Superficially, the

behavior of mutations at position 15 could be easily under-

stood. In the light switch mechanism, the N-terminal arm

of AraC is the primary response element to the presence of

arabinose.12 The mechanism postulates that, in the ab-

sence of arabinose, the arm occupies a position that immo-

bilizes the DNA binding domains such that looping and

repression are energetically favored. In the presence of

arabinose, the arm repositions over arabinose that is bound

in a pocket of the dimerization domain. This relocation ter-

minates the arms’ role in immobilizing the DNA binding

domains. The resulting freedom of the domains allows

them to occupy adjacent direct repeat DNA sites in the pro-

moter and from there to stimulate transcription. Residue

F15 makes significant direct contact with bound arabinose.

Therefore, a simple explanation for the behavior of AraC

with mutations at position 15 would be that the altered res-

idues’ interaction with arabinose is too weak to reposition

the arm. Preliminary in silico studies with the then known

mutants involving energy minimization of the full dimeri-

zation domain followed by calculation of the strength of

the substituted residue’s interaction with arabinose did not

yield energy differences sufficient to account for the mutant

protein’s drastically reduced abilities to induce transcrip-

tion. Therefore, this is an ideal case for a deeper computa-

tional analysis. Such an analysis could be expected to pro-

vide an explanation for the behavior of the mutations at

position 15, thereby improving our understanding of the

mechanism of AraC action, and at the same time, aiding

further development of computational analysis of protein

function.

Molecular dynamics (MD) has the potential to fully

simulate protein folding and conformational

changes,16,17 but often in unrealistic times and at unre-

alistic computational costs. Nonetheless, even without

simulating the full system for periods sufficiently long to

include multiple transitions between relevant states, MD

can provide valuable information. We, therefore, chose to

simulate the wild-type AraC dimerization domain and 18

of the 19 possible substitutions at residue 15 with MD

simulations starting from the crystal structure of the

arabinose-bound state. We also chose to construct and

measure the in vivo arabinose responses of the same 18

possible substitutions at position 15 in full-length AraC.

With this set of numeric and experimental data, the

mechanistic basis of the mutations could become more

clear. Substitutions at position 15 appear to have little

effect on the repression state, that is, the behavior of the

mutations indicates that residue 15 is not critically

involved in the repression structure.13 Thus, the free

energy of the repression state of AraC should be relatively

independent on the identity of residue 15. Hence, it

could be sufficient to examine and compare the proper-

ties of the inducing conformations of the arm.

Preliminary simulations of AraC have shown that in

case of a removal of arabinose, or introduction of a

destabilizing mutation in position 15, the unfolding of

the arm from the inducing conformation occurs on a rel-

atively short timescales, that is, hundredths of ps to a ns.

To obtain a meaningful sampling of the unfolding events,

we chose to perform multiple MD simulations that have

been started from different initial velocities. It has been

shown previously that better conformational sampling

can be achieved by running a large number of short sim-

ulations rather than one or a few long simulations.18–21

In a previous study of regulatory interactions in NtrC, it

was found that 25 independent simulations were suffi-

cient to obtain well converged root mean square devia-

tions of the polypeptide chain backbone atoms from the

initial structure even though some of the individual sim-

ulations deviated significantly.22 Thus, for simulations of

ArC, we chose to run a sample of 25 independent simu-

lations. For the wild type and 18 variants of AraC this

amounts to 19 3 25 5 475 individual simulations.

To speed the conformational sampling further, we used

self-guided Langevin dynamics, SGLD, simulations

instead of the regular MD simulations. The self-guided

dynamics simulation method differs from Langevin dy-

namics simulations in the use of additional guiding

forces determined on the fly.23 These forces are propor-

tional to the momentum of the particle averaged over a

predetermined time window. The addition of the guiding

forces increases search efficiency by enhancing systematic,

low-frequency conformational changes. This increase has

allowed SGLD to be used to examine conformational

changes induced by removal of a phosphate groups in

NtrC,22 charging of internal ionizable groups in mutants

of staphylococcal nuclease,24 and protonation combined

with binding of a sugar in lactose permease.25 The

method has recently been reviewed.26

Because the large amount of computation required for

the study, that is, 475 individual simulations, and because

these simulations can be naturally parallelized, a major
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portion of the computation was performed over a 2-year

interval on the Open Science Grid (OSG) resource for dis-

tributed computing.27 This was possible because of the

recent adaptation of CHARMM to run on the Grid.28

MATRIALS AND METHODS

Simulated proteins and system setup

The structure of a monomer of the wild-type AraC dime-

rization domain in the inducing state, PDB code 2ARC,29

was used for modeling of the variants of AraC. The program

SCWRL was used to model the initial structures of the

altered side chains.30 The coordinates of all other side

chains were taken from the structure of the wild-type dime-

rization domain. In total, 18 variants with a substitution of

residue F15 were constructed. The F15R variant was not

simulated because it was expected that its structure would

deviate strongly from the structure of the wild-type protein.

Histidine residues were modeled as uncharged and proto-

nated at the Nd atom with the exception of H80, which was

modeled as protonated at the Ne atom. Other ionizable resi-

dues were modeled as charged except for K15 in the F15K

variant, because it was located close to the Arg-38 side

chain. The program PROPKA suggested that the pKa of this

lysine residue is shifted to 7.00.31 We note that because MD

simulations showed that this lysine relaxes into a conforma-

tion that is more water exposed, its actual pKa is likely closer

to 10.4, suggesting that it is likely charged at pH 7. However,

we expect that simulations with a charged Lys-15 would

deviate more from the structure of the wild-type protein

(due to a presence of Arg-38 in its vicinity), justifying thus a

choice of a neutral Lys-15 which will provide a lower bound

to structural relaxation.

Crystallographic water molecules and arabinose were

included in the initial system setup. These systems were

first minimized for 500 steps. For the minimization, sys-

tem setup and subsequent MD and SGLD runs, the pro-

gram CHARMM was used32,33 with the CHARMM

force field, version 22.34 Arabinose parameters were

obtained from the glucose parameters.

The briefly minimized protein systems were embedded

in a water box and water molecules within 2.5 Å of the

protein or crystallographic water molecules were removed.

The protein was centered at the coordinate origin, and all

water molecules further than 36 Å from the origin were

removed. A total of 12 Na1 ions, and 9 Cl2 ions were

added for neutralization. For the Asp or Glu variants, only

8 Cl2 ions were added. The systems were subjected to

minimizations under rhombic dodecahedral symmetry. We

will refer to these as the starting structures.

MD and SGLD simulations

The systems were heated from 100 to 300 K in steps of 2

K. Equilibration for 100 ps in an NPT ensemble (constant

number of particles, pressure, and temperature) followed.

The extended system formalism was used to maintain con-

stant pressure and temperature via the Hoover thermo-

stat35 with a thermostat coupling constant of 1000 kcal/

mol/ps, whereas the normal pressure was maintained using

a barostat with a piston mass of 500 amu, and piston colli-

sion frequency of 20/ps.36 Rhombic dodecahedral periodic

boundary conditions and the particle mesh Ewald

method37 for electrostatic interactions were used, with the

following parameters for Ewald simulations: j 5 0.45,

interpolation order of 6, grid spacing of ~1 Å, and real-

space interaction cutoff of 10 Å. Lennard-Jones interac-

tions were shifted to zero after 10 Å. The leapfrog

Verlet algorithm was used with a time step of 1 fs. For each

of the simulated systems, 25 different heating and equili-

bration runs were initiated with 25 different seed numbers

for the random number generator that was used for assign-

ing initial velocities. The simulations were performed using

self-guided Langevin dynamics,23 using as guiding param-

eters k5 1 and tL 5 0.1 ps and a friction coefficient g of 1/

ps. SGLD runs were performed in an NVT ensemble (con-

stant number of particles, volume, and temperature) at 300

K. Each SGLD simulation was run for 3 ns, for a total of 75

ns of simulation time for each of the variants.

Open science grid runs

The simulation of the mutant systems was performed

using computational resources made available by the

OSG.27 Grid computing projects such as the OSG pro-

vide large amounts of computing capacity to researchers.

The entire resource, which may span numerous sites, is

made available through a consistent interface, which aids

in running a large number of very similar computational

jobs. In previous work,28 a workflow management sys-

tem for CHARMM scripts running on the OSG was

developed. This infrastructure was re-used for this study,

with each mutant having a separate but identical work-

flow. Because of time limits on OSG jobs, the 3-ns simu-

lation of each mutant was broken down into 120 simula-

tions of 50 ps apiece. Each of these simulations was run

as a single job on one grid processor; the wall clock time

was generally 8–12 h per job.

Each workflow was managed by a separate instance of

the workflow system’s management daemon, which is re-

sponsible for submitting jobs to the grid, checking that

results have been returned, and detecting when jobs have

failed. Each mutant workflow consisted of 2160 separate

jobs. Thirty simulations of each mutant were run, with

each simulation having two heating jobs, 10 equilibration

jobs, and 60 production run jobs. Several mutants were

run in parallel at any given time; the exact number was

adjusted to give maximum throughput (in general, four

to five independent simulations at any one time). Rela-

tively few job failures were noticed, indicating that the

grid is a stable platform for simulation science.
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RMSD values

For each of the simulations, the root mean square

deviations, RMSD, from the energy minimized starting

structure of the backbone atoms (atom names C, N, CA,

and O) during the third ns of the production run of the

simulations were determined. The calculations were per-

formed on snapshots recorded every ps during the third

nanosecond of simulation time. The averaging was per-

formed over each of the snapshots and each of the 25

different simulations.

Calculation of interaction energies

Interaction energies were calculated with the INTErac-

tion command in CHARMM. With this command, inter-

action energy between selected groups of atoms is deter-

mined. The calculations are effectively performed in vac-

uum, and no explicit consideration of solvent effects is

taken into account. The calculations were performed on

snapshots recorded every 10 ps during the third nanosec-

ond of simulation time.

Generation of the new mutants and
measurement of their inducibility

Substitutions W, Y, P, I, T, V, K, and S were not repre-

sented in the set of mutations previously studied at posi-

tion 15.13 Quik-Change1 mutagenesis (Stratagene) was

used to introduce them into the vector pWR03.38 Candi-

dates were verified by DNA sequencing and their DNA

was transformed into strain SH321.39 Induction was

quantified as the level of arabinose isomerase in SH321

cells grown overnight to stationary phase in YT broth

medium containing 0.2% l-arabinose.40

RESULTS

The paradoxical F15L variant

This work was initiated because, as mentioned in the

introduction, eight of the mutations then existing at

position 15 in the N-terminal arm of AraC eliminated

the protein’s ability to respond to arabinose, an atypical

property of arm mutations.13 Residue F15 is located

within a small hydrophobic cluster formed by residues

Y13, P8, V20, and Y97 in which the hydroxyl groups of

the two tyrosine residues lie outside the hydrophobic

cluster and point away from it (Fig. 1). On this basis,

it seemed plausible that the replacement of F15 in

AraC with another large hydrophobic residue would

retain the cluster and the protein would display the

normal wild-type in vivo behavior. This was not the

case however, as the F15L variant was among the origi-

nal eight, and it was less than 1% as inducible as the

wild type.

Because the side chain of F15 directly contacts arabi-

nose, it had also seemed possible that the strength of the

F15-arabinose interaction is critical to inducibility and

perhaps the L15-arabinose interaction was too weak. Sub-

stituting the best fitting leucine rotamer, energy minimiz-

ing the domain with CHARMM, and then using

CHARMM to calculate the interaction energy yielded an

interaction energy of 20.41 kcal/mol compared to 21.18

kcal/mol for phenylalanine calculated in the same way.

This crude calculation yielded a difference of 0.77 kcal/

mol between the two interaction energies. This is not suf-

ficient to explain the experimentally observed difference

in inducibilities.

Molecular dynamics simulations of the wild
type and the F15L variant

As neither the retention of hydrophobicity in the

region nor the strength of residue 150s interaction with

arabinose provided an explanation for the absence of

inducibility, we turned to MD simulations for an expla-

nation of the mutants’ behaviors. Because the wild-type

protein adopts the inducing conformation only in the

presence of arabinose, comparing the plus and minus

arabinose MD trajectories of the wild-type protein

should reveal differences indicative of inducibility. Such a

difference would appear to be highly diagnostic if both

Figure 1
A dimerization domain of AraC in cartoon form with containing a

bound arabinose molecule in Van der Waals representation showing in

stick form residues P8, Y13, F15, V20, and Y97. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the plus and minus arabinose simulations of the unindu-

cible F15L variant behaved like the minus arabinose sim-

ulations of wild type.

The average RMSD profiles of the backbone atoms of

the two proteins in the presence and in the absence of

arabinose were averaged over 25 independent simulations

as described in the Methods section. The behavior of the

WT protein simulated with arabinose present was differ-

ent from the simulation without arabinose present. For

the plus arabinose trajectory, the averaged RMSD profile

of the arm region from the starting structure was small;

for the minus arabinose trajectory, the averaged RMSD

profile was large (Fig. 2). The averaged RMSD profiles of

the residues beyond 20 were the same for the two simu-

lations. In the case of the F15L mutant, both the plus

and minus arabinose simulations displayed the large

averaged RMSD values in the arm region. Thus, large

values of the RMSD in the arm region appeared to be in-

dicative of lack of induction activity of the protein.

Comparison of other F15 variants with the
wild type

If the correlation between large averaged RMSD pro-

files of the N-terminal arm and the absence of inducibil-

ity as noted in the previous section were true for all var-

iants at position 15, it would then be sensible to look for

the mechanistic basis for the large variability. Therefore,

with molecular genetics we constructed the remainder

(except for F15R) of the variants at position 15, meas-

ured their in vivo inducibilities, and compared these to

the RMSD profiles found in MD simulations, with arabi-

nose present, of the same mutants. The RMSD profiles in

the arm region displayed considerable variability among

the different variants while all the profiles beyond residue

20 were highly similar.

We used several methods to quantify the differences in

the behavior of the arm region. First, we determined the

averaged backbone RMSD values for residues 7–18 from

the 25 profiles (Table I). The wild-type protein still

exhibited the smallest arm RMSD value. The RMSD of

the arm in the F15W mutant was found to be closest to

the wild type. Notably, only this mutant and wild-type

protein are significantly inducible in vivo.

The RMSD average over 25 simulation runs for a mu-

tant could be dominated by the behavior of the arm in a

small number of runs in which the arm is unfolded.

Therefore, we also characterized the behavior of each

mutant by counting the number of simulation runs in

which the average of the arm RMSD during the third

nanosecond was less than 2 Å, (Table I, column 3). By

this criterion, wild-type and the F15W mutant, both of

which are inducible, are even more sharply distinguished

from the remainder, all of which are uninducible.

In view of the role proposed for the arm in the light

switch mechanism of AraC, another logical measure of

arm behavior would be the fraction of the time, which is

approximated by the number of the simulations of the 25,

in which the arm is significantly dissociated from arabi-

nose over the third nanosecond of the simulation. Because

of the dynamic nature of the system, no distance between

any single atom of the arm and an atom of the arabinose

was truly indicative. Therefore, the average over the third

nanosecond of the minimal distance between any back-

bone nitrogen or oxygen atom of residues 8 and 9, and

any oxygen atom of arabinose, (Table I, column 4)

was used as a criterion for dissociation. The numbers of

Figure 2
RMSD values in Å of the wild-type AraC dimerization domain with

and without arabinose, red and black respectively, and the F15L variant

with and without arabinose, blue and green, respectively, averaged over

25 independent simulations.

Table I
Molecular Dynamics and In Vivo Properties of Wild Type and the

Mutants at Position 15

Residue 15

Average
arm

RMSD, �

No. of correctly
folded

(RMSD<2 �)
out of 25a

No. of
dissociated
(Rmin > 4 �)
out of 25b Inducibilityc

F(WT) 1.83 19 5 1
W 2.39 17 7 0.8
M 2.48 13 7 <0.1
P 2.91 9 5 <0.1
H 3.03 4 14 <0.1
C 3.15 2 6 <0.1
L 3.16 3 10 <0.01
I 3.29 3 5 <0.1
Y 3.48 3 17 Ambiguousd

T 3.51 3 15 <0.1
V 3.71 2 10 <0.1
A 4.05 5 12 <0.1
K 4.05 6 16 <0.1
Q 4.13 1 17 <0.1
N 4.38 1 19 –
D 4.42 0 19 <0.1
G 4.46 3 14 <0.1
E 4.49 2 16 <0.1
S 4.57 3 19 <0.1

aArm is considered correctly folded in a simulation if the average RMSD <2 Å.
bArm is considered dissociated in a simulation if the average minimal distance

between oxygen atoms of arabinose and the backbone N and C atoms of residues

8 or 9, Rmin, is more than 4 Å.
cInducibility is arabinose isomerase level relative to that measured in wild-type

cells.
dInducibility could not be ascertained because this mutant is constitutive whereas

all others possessed wild-type expression levels in the absence of arabinose.
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dissociated trajectories strongly anticorrelates with number

of the trajectories in which the arm exhibited an average

RMSD of less than 2 Å, which we will refer to as correctly

folded, (Table I, column 3). Indeed, visual inspection of

the trajectories of the mutants with program VMD41 that

most markedly deviated from the anticorrelation, M, P, C,

I, and V revealed that in many of the simulation runs for

these mutants the arm remained folded, but incorrectly

because it is in a position that is different from that

observed for the wild-type arm. Overall, the RMSD crite-

rion provides a closer correspondence to the in vivo indu-

cibility than dissociation.

Interaction energies

To analyze why the wild type and the tryptophan sub-

stitution, but none of the other substitutions at position

15, are inducible, we determined average interaction

energies involving the arm over the third nanosecond of

those simulations for which the arm exhibited an average

RMSD of less than 2 Å, (Table II). In addition to the

wild-type arm and the F15W substituted arm, residues

7–18 of the arm from several other variants, F15H, F15Y,

F15E, and F15S, also exhibited strong interaction energies

with arabinose. Thus, the strength of this interaction

alone does not determine the behavior.

The interaction energies were calculated as described

in the Methods section. To test the quality of the calcu-

lated interaction energies, for two proteins, WT and the

F15H variant, we performed a calculation of interaction

energies based on the difference in the energy of a dimer

(protein 1 arabinose) and of the two monomers. The

dimer and the monomers were modeled to be solvated.

Solvation energies were determined by using the aspenr

routine in CHARMM, which is based on the atomic sol-

vation parameters of Wesson and Eisenberg.42 This sim-

ple test calculation showed an excellent correlation (cor-

relation coefficient 0.98) of per-residue interaction ener-

gies determined with the two methods. The magnitude

of interaction energies between the two methods (in vac-

uum and by using aspenr) differed, however, suggesting

that we can deduce meaningful conclusions about which

protein residues are important in arabinose–protein

interactions, but that we cannot determine the absolute

binding energies correctly.

In the wild-type protein, the strongest individual resi-

due contributions to the interaction energy between

arabinose and the arm arose from residues Pro-8 (22.64

kcal/mol) and Leu-9 (22.01 kcal/mol), apparently

because the backbone atoms of these two residues are

well positioned to make hydrogen bonds with arabinose.

The interaction of arabinose with F15 amounts to 21.18

kcal/mol and the contribution of all arm residues except

residues 8, 9, and 15 amounts to only -1.32 kcal/mol.

Neither the interaction strength of residues 8 and 9 with

arabinose, nor that of residue 15 with arabinose, nor the

strengths of the remaining interactions with arabinose

fully explain why only the wild type and F15W AraC pro-

teins are inducible (Table II).

Because it is residue 15 that changes in these experi-

ments, we examined its interaction energy with its neigh-

bors, residues P8, Y13, V20, M42, R38, W95, and Y97.

Its interactions with residue 13 are of greatest interest

because they were the strongest for the wild type (Table

II). Overall, only the F15W mutant arm exhibited the

same approximate interaction energies as the wild-type

arm for all three of the key interactions, that is, the inter-

actions of residues 8, 9, and 15 with arabinose, and the

interaction of residues 13 and 15.

Details of several specific cases

Here, we discuss in detail the interactions and the

structure of the arm for the uninducible mutants that,

nonetheless, exhibited strong interactions with arabinose,

mutants F15H, F15Y, F15E, and F15S. This discussion is

meant to highlight that when it comes to stabilization of

a given shape, having a correct distribution of interaction

energies is more important than having a high total

interaction energy.

In simulations of the F15H variant, the arm exhibited

an average RMSD of less than 2 Å in only four simula-

tions. The interaction energy between arabinose and resi-

due 15 for those four simulation runs was 22.97 kcal/

mol, larger than in the wild type; however, the interac-

tion energy between residues 13 and 15 was reduced

compared to the wild type. Thus, the distribution of

interaction energies in the F15H is different from the dis-

tribution of interaction energies for the wild type. Not

Table II
Various Interaction Energies in Wild Type and Residue 15 Mutantsa

Residue 15
Arabinose

residues 7–18
Arabinose

residues 8–9
Arabinose
residue 15

Residue Y13
residue 15

F(WT) 27.15 24.65 21.18 24.98
W 27.12 24.68 21.31 26.04
M 25.87 24.00 20.89 22.52
P 26.29 24.89 20.01 23.08
H 28.83 24.69 22.97 22.77
C 25.47 24.04 20.70 20.79
L 25.90 24.55 20.39 21.62
I 26.79 24.87 20.22 22.41
Y 27.25 23.21 22.82 24.67
T 25.61 24.87 0.16 21.09
V 25.5 23.87 20.11 22.22
A 25.08 24.56 0.03 21.08
K 26.98 24.85 20.86 23.09
Q 23.59 23.18 20.09 21.62
N 25.01 23.7 20.49 21.54
D – – – –
G 24.52 23.76 0.00 20.64
E 27.32 25.91 2.00 27.22
S 27.73 25.73 20.02 21.80

aAverages over the full third nanosecond for those simulations in which the

RMSD of the arm remained less than 2 Å as in Table I. Energies in kcal/mol.
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surprisingly, in a large number of simulations, residue 13

became solvent exposed and left the hydrophobic cluster.

In simulations of the F15Y variant, the arm exhibited

an average RMSD of less than 2 Å in only three simula-

tions. For those three simulations however, the interac-

tion energy between arabinose and residues 8 and 9 was

reduced by about 1.5 kcal/mol compared to the wild

type. Inspection of trajectories revealed a variety of dif-

ferent patterns of deviation from the correct structure.

Some revealed that the OH group of Tyr-15 or a water

molecule made hydrogen bonds with residue 8 or with

arabinose, thus disturbing the wild-type hydrogen bond-

ing pattern.

The arm remained correctly folded, that is, exhibited

an average RMSD of less than 2 Å, in only two trajecto-

ries in simulations of the F15E variant. These two

showed an ion pair interaction between Glu-15 and Arg-

35. Inspection of the two trajectories revealed a strong

interaction between residues 13 and 15 involving the

backbone of residue 13 rather than the side chain. In this

variant, the interaction between Glu-15 and arabinose

was repulsive. In most other trajectories, the Glu-15-Arg-

38 ion-pair remained; however, the arm was either

unfolded or moved into a position different from that of

the wild-type arm.

In simulations of the F15S variant, the arm remained

correctly folded in only three trajectories. The strong

interaction energy of arabinose with the arm arose

through the stronger than usual interactions with resi-

dues 8–11. The interaction with residue 15, and between

residues 13 and 15, was strongly diminished. In a major-

ity of the simulations residue 15 became solvent exposed.

Comparison of SGLD and MD simulations

Previous studies of protein conformational changes

have shown that SGLD can sample conformational space

better than conventional MD.22,24,25 An interesting ques-

tion is whether this is also the case for this protein. To

compare the two forms of dynamics, we performed 25

runs of 5 ns each of regular MD simulations of wild

type, F15W, F15L, and F15Y. The average RMSD values

of the arm and the number of runs during which the

arm remained correctly folded that were obtained with

the two types of simulations were determined (Table III).

The MD simulations exhibit roughly the same trends as

the SGLD simulations in that the F15W variant is the

most similar to the wild type. Experiments have indi-

cated that F15L and F15Y variants are however quite dif-

ferent from the WT and the F15W variant. These differ-

ences are much more pronounced in SGLD simulations

than in MD simulations, in agreement with experimental

results. These results indicate that SGLD simulations

are more appropriate than regular MD simulations for

quick screening of the structural relaxation induced by

mutation.

DISCUSSION

This investigation was initiated by the surprising finding

that, while mutations at most positions in the N-terminal

arm of AraC protein resulted in constitutive regulatory

behavior, the eight known mutations then known at resi-

due 15 left the protein not constitutive and, unlike wild-

type protein, unable to respond to arabinose.13,14 Simple

explanations based on hydrophobicity or contacts between

arabinose and residue 15 did not explain the anomalous

behavior. If the protein, wild type and mutant, could be

accurately simulated, both would display the actual behav-

ior that is observed for their real counterparts and the sim-

ulations could be dissected to determine the basis of the

mutant’s behavior. While extraordinary computational

efforts in simulating proteins with MD have recently

revealed previously unattainable details of protein folding

and allosteric transitions,16,17 it seemed possible that less

heroic computational efforts in simulating AraC with MD

might also provide substantial understanding.

A major problem in MD simulations is that important

conformational transitions in proteins may take place on

the millisecond or longer time scale, but the simulations

must be performed in femtosecond time steps. Recently

it has been found that the rate of conformational transi-

tions in MD simulations can be significantly increased by

the use of a variant that is termed self-guided Langevin

dynamics,23 and this approach was used in the work

described here. The cost of the lengthy computations

required for this work was also greatly alleviated by the

use of the OSG,27 on which it has recently become possi-

ble to run the MD program CHARMM.28,32,33

Our MD simulations of the arabinose binding/dimeri-

zation domain of AraC were performed both with arabi-

nose present and bound to the protein and absent. The

simulations are consistent with what is known of the

genetics, biochemistry, and biophysics of the pro-

tein.8,12,38,42–46 The simulations indicate that with

arabinose bound to the wild-type protein, the 20 residue

N-terminal arm relocates from another position to a

position directly over the bound arabinose, and that it is

the arm’s removal from the former position that allows

Table III
Comparison of Regular and SGLD Dynamics of AraC

Residue
15

SGLDa MDc

Average RMSD
residues 7–18

No. of folded
out of 25b

Average RMSD
residues 7–18

No. of folded
out of 25b

F(WT) 1.83 19 1.69 19
W 2.39 17 1.81 19
L 3.16 3 2.31 10
Y 3.48 3 1.98 15

aSelf guided Langevin dynamics of 3 ns.
bNumber of simulations in which the arm remained correctly folded over the

third ns of simulation.
cStandard molecular dynamics simulation of 5 ns.
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the protein to adopt the inducing structure. Hence, the

failure of a mutant to respond to arabinose likely results

from a failure of the arm to bind over arabinose. In our

simulations with the wild-type protein, we found that if

the simulation were begun with the arm in the plus arab-

inose position and if arabinose were present, the arm

largely stayed close to its starting position. When arabi-

nose was not present in the simulation, the arm changed

structure and often moved away from the bound arabi-

nose. Hence, at least with wild-type protein, retaining the

starting structure was indicative of induction. We then

found that this correlation was consistent with the indu-

cibility of the remainder of the eight mutants at position

15 of the arm that were known at the time. Simulations

predicted however, that yet another substitution at posi-

tion 15, tryptophan, might exhibit the wild-type behav-

ior. It was constructed and found to do so. Therefore,

the rest of the possible substitutions at position 15 were

constructed and measured as well as simulated. Strong

correlation is found between inducibility and the ability

of the arm to retain a shape similar to that of the wild-

type arm in the presence of arabinose (Table I). For

some of the mutants with hydrophobic substitutions, the

arm did remain folded in the simulations, but it deviated

from the shape of the wild-type arm. Experimentally,

these mutants were still uninducible.

Can the basis of the retention of the correct arm shape

be found in the relevant MD trajectories? Analysis of the

interaction energies between various residues of the N-

terminal arm and arabinose and among the residues

themselves revealed that no single interaction energy is

the determining factor in the arm’s behavior. Instead,

three strong interactions were identified as important:

the strength of the arabinose interaction with residue 15,

the strength of the interaction between arabinose and the

residue 8 plus 9 pair, and the strength of the interaction

between residues 13 and 15. The latter interaction is no-

table because residues L9, Y13, F15, W95, and Y97 form

a hydrophobic cluster. Apparently alteration of either the

hydrophobicity or the shape of residue 15 interferes with

the integrity or shape of this cluster.

CONCLUSIONS

In summary, complete correspondence has been found

between the in vivo regulatory behavior of all 19 different

variants at position 15 in AraC and the behavior of the

N-terminal regulatory arm in self-guided Langevin mo-

lecular dynamics simulations. The basis for the behavior

appears to be retention or not of a correct shape of the

hydrophobic cluster of residues in the protein.
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