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4
Dynamics of divergent HAMP domains

HAMP domains are four-helical dimeric signal relay domains found in many prokaryotic
organisms, both in the single (canonical) and repetitive (divergent) form. We performed all-
atom Molecular Dynamics simulations of the N-terminal tri-HAMP chain of the gas-sensing
receptor Aer2 from P. aeruginosa (PDB entry 3LNR) and several systems truncated from
the chain to study the dynamics of the divergent HAMP domains in this chain. Furthermore,
our results indicate that none of the divergent HAMP domains exhibit similar dynamics as
the prototype canonical HAMP Af1503. Instead, HAMP2 and HAMP3 are flexible in their
hydrophobic layers. Mutant simulations reveal Ile88 in the connector region can induce a
different conformation. The HAMP3 bundle relaxes to two differently tilted conformations,
each corresponding to a different packing. No correlated motions in terms of simple or-
der parameters can be identified between any two HAMPs. The crystal structure of the
polyHAMP chain changes conformation in solution.
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Figure 4.1: Sequence alignment of three divergent HAMPs from Aer-2 receptor, HAMP1, HAMP2,
HAMP3 and prototype canonical HAMP Af1503 from A. fulgidus. Hydrophobic residues are in bold
letters. Color code: white Monomer 1, black Monomer 2, Hydrophobic Layers: pink L1, blue L2,
red L3, green L4, orange L5, cyan Lx.

4.1 Introduction

In order to survive, an organism must be able to sense the environment and transduce
the information to its cell interior. In prokaryotes, this process depends primarily on two-
component signaling transduction pathways[20]. Many of the proteins in these signal path-
ways contain HAMP domains that function as signal relay modules coupling the motions
of sensory modules via trans-membrane (TM) helices to the activity of a downstream cy-
toplasmic output domain. Typically, HAMP domains occur as a single unit in bacterial
trans-membrane receptors, connecting the last trans-membrane helix (TM2) to the cyto-
plasmic kinases-interacting domain[27, 24, 10]. HAMP domains in this form of a single-unit
contain a conserved P[. . .]DExG motif and are classified as canonical HAMPs[7].

The structure of a HAMP domain Af1503 from A. fulgidus, resolved via solution NMR
spectroscopy, currently serves as the prototype for all canonical HAMPs[22, 3, 18]. This
structure (PDB entry 2L7H) is a dimeric coiled-coil complex with four helices in a parallel
orientation. Containing 58 residues, one monomer (M1 or M2) consists of two helices (N-
terminal (N1/N2) and C-terminal(C1/C2)) linked by a ∼14 residue flexible connector. Each
of the two helices contains a typical heptad repeat (a-g) in which the positions a and d
are occupied mainly by hydrophobic residues and form a hydrophobic interface[25]. These
hydrophobic residues form 5 layers (L1-L5), colored in the sequence alignment in FIG. 4.1
(L1-pink, L2-blue, L3-red, L4-green, L5-orange). All layered residues of Af1503 and their
locations (from N-terminal helix, C-terminal helix or the connector) are listed in TAB. 4.1.

Two classes of models exist to explain the signaling mechanism of canonical HAMPs:
the static model[9, 21, 14, 16] and the dynamic bundle model[25]. A static model assumes
that HAMP can adopt at least two different conformational states during signaling. The
proposed motions linking these separate states include (I) rotation of the helices in the
gearbox model[14], (II) piston shifts of helices in the piston model[9, 16], (III) tilting of the
helices in the scissor model[21]. The second class of models is the dynamic bundle model,
based on the functional characterization of an extensive library of mutants of the HAMP
domain from the chemotaxis receptor Tsr of E. coli. This model proposes that the activity
of HAMP variants rely on their packing stability[25, 26] (discussed in detail in Chapter 5).
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N1 and N2 Connector C1 and C2

Af1503

L1 Pro283, Ile284 Ile312
L2 Leu287 Pro304 Leu315, Ala316
L3 Ala291 Val303 Ile319
L4 Ile294, Ala295 Ala301 Leu322
L5 Leu298 Leu326

HAMP1

L1 Ala14 Tyr41
L2 Ile17, Ala18 Leu44, Tyr45
L3 Leu20, Leu21 Val33 Leu48
L4 Phe24 Leu51
L5 Leu29 Leu55

HAMP2

L1 Val65 Ala97
L2 Leu68 Leu93 Ile100
L3 Leu72 Ile88 Ala101, Val104
Lx Met75, Ser76
L4 His79 Leu107, Val108
L5 Ile84 His111, His112

HAMP3
L1 Lys115 Lys141
L2 Val118, Val119 Met134 Ile144
L3 Val121, Val122 Ile148
L4 Tyr125 Val151
L5 Phe130 Leu155

Table 4.1: Residues in hydrophobic layers of four HAMP domains (Af1503 in its NMR structure
(pdb entry 2L7H); HAMP1-3 in their crystal structures (pdb entry 3LNR). Residues are distinguished
by their locations (from N-terminal, C-terminal helices or connector). Bold residues are those forming
the hydrophobic core of each layer.

HAMP domains without the P[. . .]DExG motif are referred to as divergent HAMPs and
found almost always in proteins that contain multiple consecutive copies of HAMPs, i.e.
a poly-HAMP chain[7]. One example of such a protein is the gas-sensing Aer2 receptor
of P. aeruginosa that senses the level of oxygen in the cytoplasm, see FIG. 4.2. Aer2 is
composed of four modules: (I) an N-terminal tri-HAMP chain containing HAMP1, HAMP2
and HAMP3, (II) the sensory input PAS domain that detects O2 molecules, (III) a di-HAMP
chain comprising of HAMP4 and HAMP5 and (IV) the output kinase module[23].

The functional role of the polyHAMP chains of Aer2 is not well characterized except the
study by Watts et al [23]. They showed that Aer2 can interact with the chemotaxis system
of E. coli to mediate repellent responses to oxygen, carbon monoxide and nitric oxide. A
series of Aer2 mutations showed that reversible signaling of this model system requires both
polyHAMP chains. In particular, deleting HAMP2 and/or HAMP3 locked the receptor in
the “kinase-off” state: the receptor is not responsive to concentration changes in O2, CO or
NO.

So far the only available structure of a poly-HAMP chain is the crystal structure of
the N-terminal tri-HAMP chain of Aer2 (PDB entry 3LNR) in P. aeruginosa[1]. Although
all three HAMP domains are divergent HAMPs, Crane et al pointed out that HAMP1
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Figure 4.2: Domain composition of the Aer2 receptor containing the triHAMP chain, the crystal
structure of triHAMP chain (pdb entry 3LNR) and geometry of all hydrophobic layers in each HAMP
domain. Color Code: white Monomer 1, black Monomer 2, Hydrophobic Layers: pink L1, blue L2,
red L3, green L4, orange L5, cyan Lx.

and HAMP3 are structurally similar to the prototype canonical HAMP Af1503, while the
HAMP2 crystal is a more distinct conformation - a more loosely packed bundle, as described
below[1]. Similar to the prototype Af1503 HAMP, the three HAMP domains of the chain
also contain approximately 5 layers (L1-L5), yet with two major exceptions, see TAB. 4.1.
Firstly, HAMP2 has an offset of approximately one helical turn between the N-terminal helix
N1 and the C-terminal helix C1, as illustrated in the sequence alignment of FIG. 4.1. This
shift of layer residues has 4 consequences: (I) HAMP2 has an extra irregular layer Lx, colored
cyan in FIG. 4.1 between L3 and L4; all four residues comprising Lx (Met75, Ser76, Met75’,
Ser76’) are from the two N-terminal helices N1 and N2; (II) accordingly the four residues
buried in the core of L4 (Leu107, Leu108, Leu107’, Leu108’) are all from the C1 helices; (III)
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the distance between the two N1 helices at their C-terminus is larger in HAMP2 than in
other HAMP structures, resulting in a large tilt angle between the two N1 helices. Secondly,
unlike the prototype canonical HAMP Af1503, not all layers of HAMP1-3 are hydrophobic:
in HAMP1, Tyr41 of L1 and Tyr45 of L2 are polar; in HAMP2, Ser76 of Lx is polar and
His79 of L4 and His111, His112 of L5 are charged at neutral pH; in HAMP3, L1 is formed by
charged Lysine residues only and L4 contains two polar Tyr125 residues (note that HAMP is
homodimeric). These structural deviations may result in different HAMP domain dynamics.

HAMP1 and HAMP2 are connected through long helices shared by both HAMP domains.
Yet such a long helical junction between two consecutive HAMP domains are rarely found
in other polyHAMP sequences[1, 7]. The connection between HAMP2 and HAMP3 is more
representative for most polyHAMP sequences[7]. At the HAMP2/3 junction, there exists a
heptad discontinuity between C1 (C2) of HAMP2 and N1 (N2) of HAMP3 (residues 104-115).
At the end of HAMP2-C1, the heptad position of His111 is altered to a “d” position to align
the heptad repeat to match that of HAMP3-N1[1]. Such a discontinuity in the heptad repeat,
equivalent to an insertion of four residues into (or removal of three residues from) a regular
heptad repeat, is known as a “stutter”[4, 15]. Heptad sequences including stutters naturally
lead to increased intrinsic flexibility of the corresponding protein structures, because the
stutter disrupts the regular heptad periodicity and the corresponding regular coiled-coil
structure[4]. Since heptad stutters also often occur between the C1 helices of a canonical
HAMP and the N-terminal helices of its downstream cytoplasmic domain, Crane et al argued
that the dynamics of the HAMP2/3 unit could provide insights for the signaling mechanism
of canonical HAMP domains[1]. To further support this argument, Crane et al pointed out
the existence of a network of salt bridges and hydrogen bonds among the residues at the
junction of HAMP2 and HAMP3 in the crystal structure. Salt bridges between neighboring
side chains (His79, His111, Lys115) form a polar pocket stabilizing the burial of hydrophilic
groups; Direct hydrogen bonds formed between Asp85 and Lys140 display the interwoven
nature of the HAMP2/3 unit. For these reasons, the HAMP2/3 unit has been proposed as
a model system to study the signaling mechanism of di-HAMP chains[1].

In the context of canonical HAMP signaling, in a recent work of Airola et al [2], HAMP1
and HAMP2 have been fused into the chemotaxis receptor Tar. The fused complexes are
partially functional: the HAMP1 fusion system (H1s) biased the kinase-on phenotype while
the HAMP1+HAMP2 (H12s) fusion exhibits the kinase-off phenotype. Using pulsed dipolar
electron spin resonance spectroscopy, the authors investigated the C-terminal distances of
H1s and H12s: For H1s, the distance expands to a wide range of values while for H12s the
distance is restricted to a short range. In addition, mutation of Ile88 into Glycine destabi-
lizes the C-terminal of H12s, resulting in broadly distribution of the C-terminal distance of
HAMP2.

In this chapter, we performed short timescale MD simulations to characterize the motions
of the three N-terminal divergent HAMP domains from Aer2 around its crystal structure. We
ask the following questions: (I) Are the motions of the divergent HAMP domains different
from the canonical HAMP domain Af1503 (studied in Chapter 3)? (II) If so, which residues
are responsible for the differences? (III) Are the motions of consecutive HAMP domains cor-
related with each other? (IV) How do the connections among the HAMP domains influence
their motions? To address these questions, we performed Molecular Dynamics simulations
of the tri-HAMP chain and several truncated systems and compared the dynamics of three



66 Dynamics of divergent HAMP domains

HAMPs as isolated units, as a component in truncated systems and in the complete chain.
Our results indicate that none of the divergent HAMP domains exhibit similar dynam-

ics as the prototype canonical HAMP Af1503 (rigid body piston and tilting of the helices).
Instead, the hydrophobic layers of HAMP2 and HAMP3 are flexible. We find via mutation
simulations that Ile88 from the connector residues plays an important role on the flexibility
of the third layer of HAMP2. The HAMP3 bundle relaxes to two differently tilted conforma-
tions, each corresponding to a different packing in the second layer. Finally, no correlated
motions in terms of simple order parameters is identified between any two HAMPs.

4.2 Methods

4.2.1 Simulation systems

Six systems were simulated for the wild-type poly-HAMP chain: (I) three HAMPs in iso-
lation: hamp1, hamp2, hamp3; (II) HAMP1+HAMP2 hamp12 (III) HAMP2+HAMP3
hamp23 and (IV) the complete chain hamp123. The initial structure of hamp123 was taken
from the crystal structure (pdb entry 3LNR). The other five systems are truncated from
the complete chain with the following residues: (I) hamp1 8-56, (II) hamp2 63-112, (III)
hamp3 111-156, (IV) hamp12 0A-112, (V) hamp23 61-157. To validate the crucial role of
the connector residue Ile88 in L3 of HAMP2, mutation of Ile88 into Gly88 on HAMP2 was
performed on all HAMP2-containing systems (hamp123, hamp12, hamp23, hamp2) using
the pyMOL software[6]. These mutant systems were named hamp123g, hamp12g, hamp23g,
hamp2g respectively hereafter.

4.2.2 Molecular Dynamics

With GROMACS v.4.0.7[12] as the MD engine, we employed the OPLS force field to describe
the interactions between atoms for all six wild-type systems and four mutant systems, in
combination with the TIP4P water models[17]. Na+ and Cl− ions were added to all systems
to meet physiological conditions [NaCl]=0.15M and to maintain electrostatic neutrality of the
systems. Periodic boundary conditions were applied to all simulation boxes. For the isolated
HAMP systems (hamp1, hamp2, hamp3 and hamp2g), ∼9000 water molecules were added
to a cubic box of dimension of 67Å. For the two truncated di-HAMP systems (hamp12,
hamp23, hamp12g and hamp23g), the periodic box was 10.5 × 7 × 7nm accommodating
∼15000 waters and ∼50 Na+ and Cl− ions. The tri-HAMP chain system (hamp123 and
hamp123g) was solvated in a 14× 7× 7nm periodic box with ∼20000 waters and ∼60 Na+

and Cl− ions. All systems were energy minimized using the conjugate gradient method. To
equilibrate the hydrogen atoms and water molecules the heavy atoms in the protein were
position-restrained during 10 ps of molecular dynamics at a temperature of 298 K and a
pressure of 1 bar.

The production MD runs were performed in the isothermal-isobaric ensemble at room
temperature 298K using the Nose-Hoover thermostat[13] and at normal pressure 1 bar using
the Parrinello-Rahman barostat[19]. Long-range electrostatic interactions were treated via
the Particle Mesh Ewald method[5, 8] with a short-range electrostatic cutoff distance at
11Å. Van der Waals interactions were cut off at 11Å. The timestep is chosen 2fs. Bonds
are constrained using the LINCS algorithm[11]. Frames are recorded every 1ps. Respec-
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tively, 16 and 8 independent 30ns runs were performed for wild-type poly-HAMP system
(hamp123, hamp12, hamp23) and isolated HAMP systems (hamp1, hamp2, hamp3). 4 inde-
pendent 60ns runs were performed for each mutant system (hamp123g, hamp12g, hamp23g,
hamp2g). Independent runs started from the same initial structure but with different initial
velocities drawn randomly from the Maxwell-Boltzmann distribution.

4.2.3 Analysis of MD simulations

The terminal part of a HAMP domain, i.e. the regions in which the residues do not form
hydrophobic layers are highly dynamic, especially for an isolated HAMP system (hamp1,
hamp2, hamp3) or a truncated system (hamp12, hamp23). To capture the essential motions
of the four helices of HAMP, we focused on the core part of HAMP domains, i.e. the region
of HAMP between L2 and L4. In HAMP1 and HAMP3, the helical character of this core
region is well maintained in all our trajectories. We define vectors representing the four
helices using the positions of the Cα atoms of this region to analyze the rigid body motions
of the helices of HAMP1 and HAMP3 with respect to the corresponding crystal structure.
Further analysis of the motions within the helical core of HAMP1 and HAMP3 was made
through two collective variables (CVs), the piston shifts and the tilt angles of the four helices,
as described in SEC. 2.6.3.

To characterize the geometry of the hydrophobic layers of the HAMP domains, we com-
puted the distances between the center of mass of the heavy atoms of the side-chains Dsc

of the residues within each layer. For example, Dsc-Val119 denotes the side-chain distance
between the residues Val119 of M1 and M2.

To quantify the helicity per residue in the stutter region at the HAMP2/3 junction, we
define a helical hydrogen bond as formed when the distance between the oxygen atom of
residue n − 4 and the hydrogen atom of residue n is smaller than 2.5Å. Then the helicity
of a specific residue pair n − 4 and n is measured via the probability P hhbn of whether this
helical hydrogen bond is formed:

P hhbn = h(rcut− | rOn−4 − rHn |) (4.1)

Here r denotes the configurational position of an atom, n the residue number, O and H
the oxygen and hydrogen atom respectively, the bar indicates the average over all 30ns
trajectories, rcut=2.5Å is the cutoff distance, h(x) is the Heaviside step function:

h(x) =

{
0, if x < 0

1, if x ≥ 0
(4.2)

4.3 Results

4.3.1 Overall stability of HAMP bundles

Our first observation is that the poly-HAMP chain changes conformation. In FIG. 4.3, we
plot the root mean square distances (rmsd) of each HAMP domain from its corresponding
crystal structure. To capture the essential structural differences, the rmsd was computed
using the positions of Cα atoms only on the helices and only within the core region (residues
between L1 and L4) of each HAMP domain. In HAMP1, the core region include residues
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Figure 4.3: Time traces of rmsd of three HAMP domains. hamp123 (A) HAMP1 (D) HAMP2 (H)
hamp3; hamp12 (B) HAMP1 (E) HAMP2; hamp23 (F) HAMP2 (I) HAMP3; hamp1 (C) HAMP1;
hamp2 (G) HAMP2; hamp3 (J) HAMP3.
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14-26 in N1(N2) and residues 41-53 in C1(C2); in HAMP2, residues 65-81 in N1(N2) and
residues 97-109 in C1(C2); in HAMP3, residues 115-127 in N1(N2) and residues 141-153
in C1(C2). Alignment was also performed using only Cα atoms of these residues for each
HAMP.

Notably, in all trajectories of all HAMP domains, rmsd values never exceed 3.5Å, indi-
cating that none of the HAMP domains unfold in any system. For HAMP1, rmsd values of
HAMP1 in the systems hamp123 and hamp12 lie in a small interval between 0.7Å and 1.1Å.
This suggests that when connecting with HAMP2, HAMP1 deviates little from its crystal
structure. The rmsd of HAMP1 as an isolated unit (hamp1) reaches as large as 1.5Å in
a number of trajectories. This 1.5Å difference from the crystal structure reveals that an
isolated HAMP1 can be more flexible.

For HAMP2, while the rmsd of the majority of trajectories remain between 0.6Å and
1.1Å, there is at least one trajectory in which the rmsd can exceed 2.0Å in all four HAMP2
systems. This suggests that the HAMP2 bundle can stay close to the crystal structure but
also undergo a conformational change.

In FIG. 4.3-C, the rmsd of HAMP3 relaxes to values above 1.3Å in every trajectory.
In one extreme trajectory of hamp3, the rmsd reaches 3.5Å. Such relaxation of all rmsd
time traces of HAMP3 strongly suggests that the crystal structure of HAMP3 is not a stable
solution structure.

4.3.2 HAMP connection affects packing and flexibility of layer side-chains

Since the HAMP domain contains hydrophobic layers, we measure the side-chain distances
between the hydrophobic residues within each layer to gain rough estimates of its behavior.
For simplicity, we chose to compute only the side-chain distances between the same residues
on different monomers in every layer of each HAMP domain, and summarize the averages
and standard deviation calculated from all data of the six wild-type systems in the bar chart
of FIG. 4.4 (and in Appendix). The average values of these sidechain distances reflect the
geometry of the corresponding layers that is mostly consistent with the crystal structure, see
FIG. 4.2. The standard deviations indicate the width of the distribution of these distances
and thus the fluctuations in each layer of HAMP.

For the majority of HAMP1 sidechain distances, the fluctuations are similar among the 3
HAMP1-containing systems. The exceptions are located in the C-terminal layers of isolated
HAMP1 hamp1: L4 and L5 exhibit smaller distances for the isolated systems. Meanwhile,
the fluctuations of Dsc-Phe24 and Dsc-Leu29 in hamp1 are over 40% larger than in hamp123
and hamp12. The destabilization of L4 and L5 seems to be the major component of the
increased flexibility of HAMP1 after deleting HAMP2, as shown in FIG. 4.3-A. The high
similarity between hamp123 and hamp12 also demonstrates that at least in terms of the
side-chain distances of layer residues, the effect of the HAMP1/2 connection is short-ranged,
affecting only L4 and L5 of HAMP1.

For HAMP2 (FIG. 4.4-B), most side-chain distance patterns are also similar for the
different systems with 3 major exceptions. In L1, Dsc-Val65 varies in two pairs of systems:
in hamp123 and hamp12,Dsc-Val65=5.2Å while in hamp23 and hamp2 the values are around
6.1Å. At the same time, the fluctuation of Dsc-Val65 for all four systems are all ∼0.4Å. In
L2, the average values of Dsc-Leu68 are slightly (0.3Å and 0.7Å) smaller in hamp23 and
hamp2 than in hamp123 and hamp12, while the averages of Dsc-Ile100 are 0.55Å larger in
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Figure 4.4: Average and standard deviation of side-chain distances (Dsc) between layer residues:
(A) HAMP1; (B) HAMP2; (C) HAMP3. See main text for definition of Dsc.

hamp23 and hamp2 than in hamp123 and hamp23. These observations suggest that a small
change in the average layer geometry of the N-terminal part of HAMP2 is introduced due
to the absence of the HAMP1/2 connection. The most dramatic exception occurs in L5: (I)
the average of Dsc-Ile84 in hamp123 and hamp23 are ∼17Å while in hamp12 and hamp2,
Dsc-Ile84 averages around 15Å; (II) for Dsc-Ile112, the averages in hamp12 and hamp2 are
∼11Å, 1Å smaller than the value of 12Å in hamp123 and hamp12. This means that the
HAMP2/3 connection strongly affects the geometry of L5 of HAMP2.

In L1 of HAMP3 (FIG. 4.4-C), Dsc-Lys115 is 10Å±1.8Å in hamp3 but 8Å±1.2Å in
hamp123 and hamp23. This large difference is not very surprising, since L1 of HAMP3 is
composed of positively charged Lysine residues. Without the connection to HAMP2, L1 of
HAMP3 is more exposed to solvents and becomes more flexible and more detached from the
other layers in HAMP3. In L3-L5, no significant differences between the three systems are
observed.
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Figure 4.5: Helical motions of HAMP1. (A) Time traces of monomer tilt angle θtilt-1-2 of HAMP1
in hamp123 (B) Projection of hamp123 trajectories on θtilt-1-2 and piston shifts of helix C2.

4.3.3 Non-uniform rigidity of hydrophobic layers within HAMP

The size of the fluctuations (standard deviations) in FIG. 4.4 gives some information on
the relative flexibility of the hydrophobic layers in each HAMP domain. For HAMP1, we
find that the standard deviations of the side-chain distances are not uniformly distributed
in all layers. L3 is the least flexible layer of HAMP1 in hamp123, as the deviation of both
Dsc-Leu21 and Dsc-Leu48 are below 0.5Å while other layers contain at least one distance
with its deviation above 0.5Å. L3 is also the most rigid in the other two HAMP1-containing
systems (hamp12 and hamp1). In hamp123, the deviation of side-chain distances of HAMP2
indicate that the C-terminal half of HAMP2 is more flexible than the N-terminal half, as the
side-chain flexibility in L3, L4 and L5 is generally larger than those in L1 and L2. Unlike
the rigid L3 in HAMP1, L3 of HAMP2 is very flexible since only one distance Dsc-Val104 is
rigid (deviation < 0.5Å) while Dsc-Leu72 is very flexible (deviation=1.2Å). For HAMP3, the
sidechain flexibility of L1 and L2 seem generally larger than those L3, L4 and L5, indicating
that HAMP3 is more rigid in its C-terminal part.

4.3.4 Rigid body helical motions of HAMP1 and HAMP3

In this section, we study the rigid body motions of the helices of the divergent HAMPs, using
a similar approach as in Chapter 3 for analyzing the prototype canonical HAMP Af1503. This
analysis requires preservation of the helical character defined by helical hydrogen bonds of all
four helices of a HAMP domain throughout the simulations. For HAMP1 and HAMP3, the
residues from L2 and L4 always fulfill this criterion and therefore are used to define the rigid
helices. HAMP2, however, is flexible in many ways, as any instantaneous HAMP2 snapshot
has at least one helix bend or twisted, disabling proper definition of all four helices longer
than 8 residues (see Appendix SEC. 4.6.1). Thus the analysis of HAMP2 was performed in
a different fashion in SEC. 4.3.5.
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(A)

(B) (C) (D)

(E)

Figure 4.6: Helical motions of HAMP3. (A) Time traces of monomer tilt angle θtilt-1-2 of HAMP3
in hamp123 (B) Projection of hamp123 trajectories on θtilt-1-2 and piston shifts of helix C2. (C)
Projection of hamp123 trajectories on θtilt-1-2 and side-chain distance between Val119 and Val119’
in L2 of HAMP3. (D)snapshot of HAMP3 at θtilt-1-2=50◦; (E) snapshot of HAMP3 at θtilt-1-2=25◦.

Visual inspection of the hamp123 trajectories reveals small collective motions of all four
helices of HAMP1. We computed the six tilt angles and four piston shifts of the HAMP1
helices. The four inter-monomeric tilt angles (θtilt-N1-N2, θtilt-N1-C2, θtilt-C1-N2, θtilt-C1-
C2) show strong positive correlation. The two intra-monomeric tilt angle stays constant,
thus enabling the use of a monomer tilt angle θtilt-1-2. As shown by the time-traces of
θtilt-1-2-HAMP1 in FIG. 4.5-A, This monomer tilt angle fluctuates between a small range
of 15-35◦ around the value of the crystal structure of 25 ◦. This range is smaller than in
the Af1503 HAMP. We also checked whether the monomeric tilting is correlated with the
piston shifts of the helices similar to Af1503 HAMP. In FIG. 4.5-B, we project all data onto
the 2 dimensional space of θtilt-1-2 and one representative piston shift of helix C2 (∆pis-C2).
There is no correlation between the two modes. This, combined with the sidechain distances
analysis, indicate that HAMP1 is able to tilt between the monomers at the axis of L3.

Since HAMP3 changes conformation in solution, we try to characterize this change using
piston shifts and tilt angles in hamp123. Strong positive correlation among all four inter-
monomeric tilt angles is observed in HAMP3. Therefore we plot the time-traces of the
monomer tilt angle θtilt-1-2 of HAMP3 in FIG. 4.6-A. In 14 out of 16 trajectories, θtilt-
1-2-HAMP3 relaxes from 37◦ in the crystal structure to around 50◦. In 2 trajectories,
θtilt-1-2-HAMP3 fluctuates between 20◦ and 30◦. In FIG. 4.6-B, we project all data of
HAMP3 in hamp123 on θtilt-1-2-HAMP3 and one representative piston shift ∆pis-C2. The
θtilt=50◦ conformations have a piston shifts of -1Å in helix C2 with respect to the crystal
structure (and ∆pis-N1=1Å, ∆pis-N2=1Å and ∆pis-C1=-1Å, data not shown). The ∆pis-C2
values for the conformations with lower tilt angles (15-25◦) are between from 0 and 1Å,
indicating that the monomer tilting of HAMP3 is highly correlated with the helical piston
shifts. As L2 is a flexible layer of HAMP3, we project θtilt−1−2 onto one characteristic side-
chain distance between the two Val119 residues of L2. The higher tilt conformations have
the two Val119 residues closer, at 10Å than the lower tilt conformations. This flexibility
is illustrated by snapshots of the two different tilt conformations in FIG. 4.6-D,E. In the
higher tilt conformation, Val118 and Ile144 form the hydrophobic core of L2 whereas in the
lower tilt conformation, the core is made up by Val119 and Ile144. In fact, in L2 M1 and
M2 are able to slide against each other along the monomer-monomer interface. Such sliding
is accompanied by piston shifts and tilting of the helices.
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4.3.5 Correlated sidechain motions in HAMP2

Analysis of the piston shifts and tilting of HAMP2 helices is not possible because the helical
regions HAMP2 do not remain in helical conformations in HAMP2, see Appendix SEC. 4.6.1.
Instead we focused on the flexibility of L3 and L4 and possible correlations among these layers
in HAMP2. In FIG. 4.7, we analyze all 4 HAMP2 systems (hamp123, hamp12, hamp23,
hamp2) in terms of three side-chain distances Dsc-Leu72, Dsc-Ile88 (L3) and Dsc-Leu107
(L4). The Ile88 residues are particularly interesting because they are the only residues in the
connector that contribute to the composition of the hydrophobic layers in all experimentally
resolved HAMP structures[1].

The graphs in the first column of FIG. 4.7 present the time-traces of Dsc-Leu72. For
all wild-type systems, Dsc-Leu72 fluctuates within a difference of 1.2Å in the majority of
trajectories around 10Å, similar to the crystal structure. Accordingly, in the projection on
Dsc-Leu72 and Dsc-Ile88 (2nd column of FIG. 4.7), we find that in the crystal structure of
HAMP2, the two Ile88 side-chains are 14Å apart from each other. A top-view snapshot of
the HAMP2 crystal is given in FIG. 4.7-Q.

In all systems, we also find at least one trajectory deviating from the crystal structure.
For example, in hamp123 (FIG. 4.7-A), Dsc-Leu72 of one trajectory increases to 14Å within
8ns. Such change in Dsc-Leu72 is accompanied by a decrease of Dsc-Ile88 from 14Å to 9.7Å.
This new structure is also found in other systems (hamp12, hamp23 and hamp2), with a
Dsc-Leu107 of 14.5Å (3rd column of FIG. 4.7, 9Å in the crystal structure). We visualize
this new structure in FIG. 4.7-R: (I) in L3, the helix N1 and C2 slide against N2 and C1
along the interface between the two sets of residues Ile88-Val104-Leu72’ and Ile88’-Val104’-
Leu72; (II) accordingly, unlike in the crystal structure in which Leu72 and Val104 form the
hydrophobic core of L3, in this new structure, Ile88 residues replace Leu72 residues and are
closely packed with Val104; (III) sliding is also found in L4, but along the axis formed by
helix N1 and N2 instead of the monomer-monomer interface, forcing N1 and N2 to move far
away from each other on their C-terminus. Hereafter we name this new HAMP2 structure
“the slided structure”.

The finding of this slided structure of HAMP2 indicates the importance of Ile88 in the
dynamical behavior of HAMP2. Interestingly, recent experimental work further established
the role of Ile88 in the signaling mechanism of HAMP2[2]. Airola et al fused HAMP1
and HAMP1+HAMP2 into the Tar receptor and found that the HAMP1 fusion system
(H1s) biased the “kinase-on” phenotype while the HAMP1+HAMP2 (H12s) fusion exhibits
the “kinase-off” phenotype. Using pulsed dipolar electron spin resonance spectroscopy, the
authors showed that the C-terminal distances of H1s adopt a wide range of values while
the C-terminal distances of H12s are restricted to a short range. In addition, mutation of
Ile88 into Glycine destabilizes the C-terminal of H12s, resulting in a broad distribution of
the C-terminal distance of HAMP2.

To gain more insights into how the I88G mutation affects the dynamics of HAMP2, we
performed MD simulations on all four HAMP2-contained systems containing the I88G mu-
tation (hamp123g, hamp12g, hamp23g and hamp2g). The 3rd and 4th columns of FIG. 4.7
summarize the results. The time-traces of Dsc-Leu72 (4th column of FIG. 4.7) show that in
most trajectories of all mutant systems, Dsc-Leu72 is unable to reach as large as 14Å with
only one exception in one trajectory of hamp12g. As a consequence, the correlation shown
by all wide-type systems between Dsc-Leu72 and Dsc-Leu107 disappear in the mutant struc-
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Figure 4.7: Flexibility of L3 and L4 of HAMP2. Time-traces of side-chain distance between Leu72
and Leu72’ Dsc-Leu72 in wild-type systems: (A) hamp123 (E) hamp12 (I) hamp23 (M) hamp2;
Projection of trajectory data on Dsc-Ile88 and Dsc-Leu72 in wild-type systems: (B) hamp123 (F)
hamp12 (J) hamp23 (N) hamp2; Projection of trajectory data on Dsc-Leu72 and Dsc-Leu107 in wild-
type and the I88G mutant systems: (C) hamp123 and hamp123g (G) hamp12 and hamp12g (K)
hamp23 and hamp23g (O) hamp2 and hamp2g; Time-traces of Dsc-Leu72 in I88G mutant systems
(D) hamp123g (H) hamp12g (L) hamp23g (P) hamp2g; (R) Geometry of L3, Lx and L4 of the
crystal structure of HAMP2 (S) “slided” conformation of HAMP2 (T) HAMP2 conformation with
broken L3 from trajectory of hamp12g.
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Figure 4.8: Stability of helical hydrogen bonds in the stutter region (residues 107-122). (A) y-axis:
Probability of established helical hydrogen bond between atom O of residue n − 4 and atom H of
residue n: x-axis residue number n. (B)(C) Snapshots of HAMP2/3 stutter region showing loss
of helical character: green residues from L4 of HAMP2; blue residues from L2 of HAMP3; mauve
hydrophobic residues in contact between L4 of HAMP2 and L2 of HAMP3; yellow non-helical
residues.

tures (3rd column of FIG. 4.7). We then visualize in FIG. 4.7-S the snapshot of HAMP2
from the only trajectory of hamp12g in which Dsc reaches 14Å. It is obvious from FIG. 4.7-S
that the mutated residues Gly88 no longer participate in L3 anymore. The slided structure
becomes inaccessible to HAMP2 because without Ile88 sliding on the interface between the
two sets of residues Val104-Leu72’ and Val104-Leu72 will cause considerable increase of the
solvent accessible surface in L3. The value of Dsc-Leu72 can therefore only increase to 14Å
at the cost of partially breaking the hydrophobic core of L3.

4.3.6 Dynamics of stutter region at HAMP2/3 junction

Analysis of rigid body motions and sidechain distances did not reveal any correlated motions
between different HAMP domains. The connecting region between HAMP1 and HAMP2 is
helical and stable in all hamp12 and hamp123 trajectories. As the motions of HAMP1 are
very small, no correlated motions between HAMP1 and HAMP2/3 could be detected.

The HAMP2/3 junction is special because of the heptad discontinuity (stutter) in its
sequence introducing intrinsic instability to the region. Such a stutter is also found at the
junction between a canonical HAMP domain and a kinase module in chemoreceptors. We
computed the helicity per residue P hhbn of the stutter region as described in the Methods
section. FIG. 4.8-A plots P hhbn for the residues between L4 of HAMP2 and L2 of HAMP3
(residues 107-122) in the two systems containing the stutter region (hamnp123 and hamp23).
For a few pairs of residues (Val108-Ile112, Ala109-Ala113, Ile112-Met116, Lys115-Val119,
Met116-Ser120), P hhbn values are generally larger than 0.6, indicating that these bonds re-
main stable. The minimal values of P hhbn (∼0.2) is found at the following residue pairs:
Ala110-Val114, His111-Lys115, Val114-Val118 and Lys117-Gly121. No significant difference
in the helicity pattern is found between hamp123 and hamp23, showing that the existence
of HAMP1 has little effect on the helicity of this stutter region. Also no significant differ-
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ences occurred between the two monomers. These results indicate that the stutter region
is not composed of two continuous helices but 6 short helical segments. Two representative
snapshots of the stutter region are given in FIG. 4.8-B,C. The loss of helical character in
the stutter region prohibits transmission of rigid body motions of the helices or sidechain
motions of sidechains between HAMP2 and HAMP3.

4.4 Discussion

4.4.1 Dynamics of divergent HAMPs versus canonical Af1503

In the present work, we investigated how the dynamics of divergent HAMP domains of the
polyHAMP chain can be distinguished from the prototype canonical HAMP Af1503. Both
HAMP1 and HAMP3 exhibits similar tilting behavior as Af1503 HAMP, namely constant
intra-monomeric tilt angles and correlated inter-monomeric tilting. In HAMP3 such inter-
monomeric tilting is coupled with the piston shifts of the helices and changes in geometry
of L2 whereas in HAMP1, no other obvious mode of motions occur. The similarity in
the dynamics between HAMP1, HAMP3 and Af1503 seems to be in accordance with the
similarity in construction of the hydrophobic layers. HAMP2, due to its unusual layer setup
in Lx and L4, is more dynamic in its C-terminus. The monomers of HAMP2 are able to
slide against each other in L4, causing the C-terminus of helix N1 and N2 to move away
from each other.

4.4.2 Signaling mechanism of canonical HAMP

The present study of divergent HAMPs provides important insights on the signaling mech-
anism of HAMP domains. Firstly, we show for the first time that change in the geometry
of the hydrophobic layers(L3, L4 of HAMP2 and L2 of HAMP3) is an important aspect of
(divergent) HAMP dynamics.

Secondly, our results are indirectly comparable with the experimental study that fused
HAMP1/HAMP2 in the Tar receptors[2]. We show that the flexibility in L3 of HAMP2
involves all six residues in that layer including the connector residue Ile88: sliding between
the two monomers in L3 becomes impossible in the mutant I88G. Moreover, the short range
correlation found in wild-type HAMP2 between the sliding L3 and L4 is lost due to the I88G
mutation. This observation seems consistent with the critical role of Ile88 in the functional
dynamics of HAMP2 in the fusion receptor[2]. Note that in our simulations the distribution
of C-terminal distances of HAMP1 or HAMP2 is never as broad as that reported in Ref.[2],
since (I) the timescale of MD simulations we performed is much shorter than the experiments;
(II) we simulated only the HAMP domains without the output domain.

Thirdly, we showed that the stutter region at HAMP2/3 junction is indeed very flexible
and has little helical character. This could imply that the stutter in the linker between a
canonical HAMP domain and an output module is also very flexible.

4.4.3 Crystal contacts between HAMP1 and HAMP3

The fact that the crystal conformation of HAMP3 changes conformation in solution in all of
our simulations seem to indicate that crystal contacts play an important role in stabilizing
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(A)

(B)

Figure 4.9: Contacts between HAMP3 and HAMP1 in the crystal lattice of polyHAMP chain
(pdb entry 3LNR). (A) side view (B) top view. Color codes: brown N-terminal helices of HAMP1,
white helices of HAMP3; green hydrophobic residues Met1, Phe4, Ala8, Ala110, Ala113, Pro138; red
Oxygen atom; blue Nitrogen atom.
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Figure 4.10: Probability of helical hydrogen bonds (Phhbn ) of HAMP2.

the poly-HAMP chain. We regenerated the crystal lattice and identified the contacts between
the N-terminal residues 0A-10 of HAMP1-N1 and the HAMP3 residues around L1, shown
in FIG. 4.9. It seems that in the crystal lattice, hydrophobic residues in HAMP1 and the
neighboring HAMP3, stabilized by salt bridges between Asn5 and Asp135, and between Asn5
and Arg136. The crystal contacts stabilize HAMP3 and prevent the more tilted conformation
with a monomer tilt angle of 50◦ or less tilted conformations with a monomer tilt angle of
20◦.

4.5 Conclusion

Molecular Dynamics simulations were performed for the 3 divergent HAMP domains from
the N-terminal polyHAMP chain of Aer2 in isolation and in the chain. We found that all
the three HAMP bundles do not dissociate. The 3 divergent HAMPs does not show similar
dynamics as the prototype canonical HAMP Af1503. HAMP1, isolated or in the chain, is
stable around its crystal structure, exhibiting small changes in its inter-monomeric tilt angles
without any change of geometry of its hydrophobic layers. HAMP2 has flexible C-terminal
layers L3 and L4. We established the importance of residue Ile88 in the flexibility of L3
in HAMP2 via additional MD simulations of the I88G mutant. No correlated rigid body
motions of the helices are identified between any two HAMPs. Also changes in the side-chain
distance among the layer residues of different HAMPs are not correlated.
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hamp123 hamp12 hamp1

L1
Ala14 8.333 ± 0.752 8.353 ± 0.791 8.788 ± 1.105
Tyr41 8.814 ± 0.618 8.550 ± 1.075 8.124 ± 1.175

L2
Ile17 7.184 ± 0.838 7.333 ± 0.799 7.556 ± 0.987
Leu44 7.605 ± 0.591 7.495 ± 0.646 7.474 ± 0.760

L3
Leu21 5.820 ± 0.349 5.803 ± 0.359 6.016 ± 0.410
Leu48 9.516 ± 0.466 9.526 ± 0.487 9.539 ± 0.610

L4
Phe24 11.152 ± 0.565 11.104 ± 0.562 10.494 ± 0.939
Leu51 5.565 ± 0.316 5.527 ± 0.315 5.951 ± 0.442

L5
Leu29 14.634 ± 0.605 14.488 ± 0.733 13.570 ± 2.136
Leu55 5.332 ± 0.317 5.379 ± 0.354 5.714 ± 0.832

Table 4.2: Side-chain distances of Hydrophobic Layer Residues between two monomers of HAMP1:
averages and standard deviations.

4.6 Appendix

4.6.1 Discontinuous helicity of HAMP2

Visual inspection of the HAMP2 trajectories indicate that the helices of HAMP2 are not as
rigid as those of HAMP1 and HAMP3. FIG. 4.10 plots the helicity P hhbn of the four helices of
HAMP2 in the complete chain system hamp123 (see Methods for definition). Defining a rigid
helical hydrogen bond as P hhbn >0.7, one notices that the helices of HAMP2 is not continuous:
in the N-terminal helices, two bonds are easily broken (Ser67-Gly71 and Ala70-Glu74); in
the C-terminal helices, the two bonds Arg99-Gly103 and Lys102-Glu106 are unstable. With
these unstable hydrogen bonds, the helices of HAMP2 become distorted or bended during
simulations, disabling application of our rigid body helical motion analysis to HAMP2.

4.6.2 Side-chain distances of layer residues

In the hamp123 system, the deviation in L1 are 0.75Å forDsc-Ala14 and 0.62Å forDsc-Tyr41
respectively; in L2 0.84Å for Dsc-Ile17 and 0.59Å for Dsc-Leu44; in L3 0.35Å for Dsc-Leu21
and 0.47Å for Dsc-Leu48; in L4 0.57Å for 3in123Dsc-Phe24 and 0.32Å for Dsc-Leu51 ; in L5
0.61Å for Dsc-Leu29 and 0.32Å for Dsc-Leu55.

In hamp123, the deviation of side-chain distances of HAMP2 are as follows: in L1 0.53Å
for Dsc-Val65, 0.75Å for Dsc-Ala97; in L2 0.51Å for Dsc-Leu68, 0.653Å for Dsc-Ile100; in
L3 0.97Å for Dsc-Leu72, 0.36Å for Dsc-Val104; in Lx 1.1Å for Dsc-Met75; in L4 1.52Å for
Dsc-Leu107, 1.1Å for Dsc-Leu108; in L5 0.75Å for Dsc-Ile84, 1.24Å for Dsc-Ile112.

For HAMP3 in hamp123, the fluctuations of the sidechain distances are as follows: in
L1 1.77Å for Dsc-Lys115, 1.72Å for Dsc-Lys141; in L2 0.65Å for Dsc-Val118, 1.63Å for Dsc-
Ile144; in L3 0.57Å for Dsc-Val122, 0.79Å for Dsc-Ile148; in L4 0.93Å for Dsc-Tyr125, 0.58Å
for Dsc-Val151; in L5 0.93Å for Dsc-Phe130, 0.38Å for Dsc-Leu155.
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hamp123 hamp12 hamp23 hamp2

L1
Val65 5.163 ± 0.530 5.252 ± 0.543 6.242 ± 0.916 6.025 ± 0.762
Ala97 10.852 ± 0.753 10.828 ± 0.723 10.521 ± 1.123 11.034 ± 0.822

L2
Leu68 7.745 ± 0.513 7.727 ± 0.608 7.426 ± 1.012 6.975 ± 0.716
Ile100 7.342 ± 0.653 7.385 ± 0.689 7.929 ± 1.132 7.894 ± 0.811

L3
Leu72 10.332 ± 0.968 10.200 ± 0.731 10.450 ± 1.473 10.372 ± 1.117
Ile88 13.839 ± 1.209 14.088 ± 0.943 13.702 ± 1.477 13.619 ± 1.265
Val104 4.660 ± 0.360 4.667 ± 0.393 4.704 ± 0.405 4.765 ± 0.418

Lx Met75 13.252 ± 1.065 12.917 ± 0.675 13.082 ± 0.916 12.726 ± 0.683

L4
Leu107 9.754 ± 1.517 9.653 ± 1.472 10.230 ± 1.286 9.553 ± 1.780
Leu108 6.258 ± 1.126 6.044 ± 0.785 6.316 ± 0.826 6.243 ± 0.854

L5
Ile84 16.423 ± 0.752 15.225 ± 1.602 16.787 ± 1.735 15.086 ± 1.788
Ile112 11.522 ± 1.237 10.689 ± 1.731 11.442 ± 0.908 10.594 ± 2.412

Table 4.3: Side-chain distances of Hydrophobic Layer Residues between two monomers of HAMP2:
averages and standard deviations.

hamp123 hamp23 hamp3

L1
Lys115 7.533 ± 1.766 7.621 ± 2.176 10.014 ± 3.603
Lys141 22.440 ± 1.719 22.837 ± 1.874 23.548 ± 3.187

L2
Val118 5.758 ± 0.654 5.858 ± 0.766 6.045 ± 0.997
Val119 10.478 ± 1.417 10.415 ± 1.032 9.570 ± 1.297
Ile144 13.571 ± 1.625 14.199 ± 1.196 14.987 ± 1.099

L3
Val122 5.651 ± 0.574 5.610 ± 0.584 5.539 ± 0.556
Ile148 11.258 ± 0.787 11.252 ± 0.786 11.512 ± 0.715

L4
Tyr125 11.225 ± 0.928 11.170 ± 0.676 11.326 ± 0.702
Val151 6.062 ± 0.581 6.037 ± 0.508 5.903 ± 0.475

L5
Phe130 14.175 ± 0.928 13.880 ± 1.321 14.018 ± 0.928
Leu155 5.180 ± 0.378 5.264 ± 0.506 5.169 ± 0.358

Table 4.4: Side-chain distances of Hydrophobic Layer Residues between two monomers of HAMP3:
averages and standard deviations.

4.6.3 Polar contacts at HAMP2/3 junction are unstable

In addition to the fast relaxation of HAMP3 to the tilted conformations, we observed that the
network of salt bridges and hydrogen bonds among the residues at the HAMP2/3 junction[1]
is unstable in all 4 trajectories. In FIG. 4.11, we plot the crystal conformation and a
relaxed snapshot of the HAMP2/3 junction from one hamp123 trajectory for comparison.
In FIG. 4.11A, the crystal conformation has 10 polar contacts in total. Especially the ones
between His79 and Lys141, between Asp85, Gly82 and Lys140, between His111 and Lys115
was believed to reflect the interwoven nature of the HAMP2/3 nature. After relaxation,
however, such cross-HAMP polar contacts are largely broken. In FIG. 4.11C, these cross-
HAMP contacts are all broken: the Lys115 residues point inward to the C1 & C2 helices of
HAMP3 rather than to HAMP2 as in the crystal structure.
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Figure 4.11: Residues at the junction between HAMP2 and HAMP3 in hamp123. (A)(B) the
crystal structure; (C)(D) a snapshot of relaxed structures; (A)(C) side view; (B)(D) top view.
Transparent ribbons are the helices. Sticks are residues forming the network of salt bridges and
hydrogen bonds in the crystal structure[1]. Color codes: orange HAMP2-N1; yellow HAMP2-C1;
ice blue HAMP3-N1; purple HAMP3-C1; blue Nitrogen atom; red Oxygen atom; white Hydrogen
atom. Black dashed lines are polar contacts.
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