aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Cracking phase diagram for the dynamics of an enzyme
Hao Qu, Jonathan Landy, and Giovanni Zocchi

Phys. Rev. E 86, 041915 — Published 24 October 2012
DOI: 10.1103/PhysRevE.86.041915


http://dx.doi.org/10.1103/PhysRevE.86.041915

Cracking phase diagram for the dynamics of an enzyme

Hao Qu,! Jonathan Landy,? and Giovanni Zocchi®>*
! Department of Physics and Astronomy, University of California Los Angeles, Los Angeles, CA 90095-1547

2 Materials Department, University of California Santa Barbara, Santa Barbara, CA 93106-5121
(Dated: August 21, 2012)

We measure the ensemble averaged deformation of an enzyme for an oscillating applied force.
From the low frequency divergence of the mechanical susceptibility for the hinge motion of Guany-
late Kinase we obtain a non-equilibrium phase diagram in the frequency - force plane. A phase line
separates linear elasticity dynamics from softer (viscoelastic) dynamics. The hinge motion corre-
sponds to crossing this phase line (not to a soft linear elastic mode). The phase line is dramatically
shifted in the closed state compared to the open state of the enzyme.

Introduction. Virtually all enzymes couple catalysis
to conformational motion. Evident in motor proteins,
mechano-chemical coupling is also the basis for substrate
specificity [1, 2] and activity regulation [3-5] in these
molecular machines. Conformational changes coupled
to catalysis are often large, with amplitudes of ~ 1nm
compared to an overall size of the enzyme of ~ 5nm.
The folded protein being a solid, these huge strains pose
an interesting question about the nature of conforma-
tional dynamics and the associated materials properties
of the system. Surely this motion is not within the
linear elasticity regime, and a specific nonlinear mech-
anism for these transitions, called “cracking”, was pro-
posed some years ago [6, 7]. Cracking connects initial
and final states through a local melting and refolding
event. Translated into stress-strain relations, this should
give rise to an interesting dynamics. Here we measure
directly the stress-strain relations for the hinge motion
of the enzyme Guanylate Kinase (GK), a molecule quite
similar to the enzyme considered in [6, 7]. Specifically,
we report comparative nano-rheology [8] measurements
on the open (no substrate) and closed (with the substrate
GMP) forms of the enzyme and find that while the lin-
ear elasticity regime is almost the same, the nonlinear
behavior, or what we have called the viscoelastic regime
[9, 10] is dramatically different in the two cases. A phase
diagram in the frequency - force plane maps out regions
of linear elastic vs softer (viscoelastic) dynamics. The
existence of this phase line may be a universal feature of
the dynamics of enzymes.

Results. The experimental system (Fig. 1) is de-
scribed in detail in [8-10]. Briefly, the enzyme under
study (Guanylate Kinase (GK) from Mycobacterium Tu-
berculosis, a ~ 4nm size, ~ 200 amino acid globular pro-
tein which catalyzes the transfer of a phosphate group
from ATP to GMP) tethers 20nm size gold nanoparti-
cles (GNPs) to an optically transparent (~ 30 nm thick)
gold layer evaporated on a glass slide. The protein is
attached to the gold surfaces through Cysteines intro-
duced by mutagenesis on the two lobes of the structure.
The “hinge motion” [11] which transforms the structure
from the open to the closed form (Fig. 2) upon binding

the substrate GMP - a classic example of induced fit [1]
- roughly corresponds to moving the two Cysteines by
1nm towards each other. At each enzymatic cycle the
molecule presumably performs this motion, though the
pathway cannot be deterministic.

In the experiments, we drive the GNPs (which are neg-
atively charged due to surface bound charged polymers)
with an oscillating electric field generated by applying an
AC voltage (~ 500 mV rms, in the frequency range 10 Hz
- 10 kHz) between the gold layer and a similar upper elec-
trode which forms the top of the ~ 200 um thick sample
cell. This chamber is filled with a 3-fold diluted saline-
sodium citrate buffer solution (SSC/3), giving an ionic
strength of ~ 50mM and a corresponding Debye length
of ~ 1nm. The amplitude of oscillation of the GNPs is
measured by evanescent wave scattering [12] in a phase
locked loop. This oscillation is collective, whereas the
thermal motion of each individual GNP is independent;
by averaging over many GNPs (there are ~ 10% GNPs in
the field of view of the lens which collects the scattered
light) it is possible to measure oscillation amplitudes of a
fraction of 1 A, whereas the amplitude of thermal motion
of an individual GNP is several nm [10]. This extraor-
dinary resolution allowed us to measure the mechanical
response function of the protein as it transits from the lin-
ear elasticity regime (at low forcing and high frequency)
to a regime (at high forcing and low frequency) which we
called viscoelastic [9, 10]. In these experiments, the force
on the GNPs is not calibrated, however we know that
it is proportional to the applied voltage in the range of
the experiments from control experiments using ss DNA
molecules as tethers; these controls are published in [9].
Similarly, we know that the force on the GNPs is indepen-
dent of frequency, from experiments at low force, where
we expect elastic behavior and observe indeed a flat re-
sponse vs frequency [8, 9]. At fixed amplitude Fy of the
forcing, the amplitude of the response |z| vs frequency v
is constant at high frequency (the response of a spring)
and diverges at low frequency (the response of a viscous
fluid) [9]. At fixed frequency v, |z| vs Fj is piecewise
linear, the protein softening beyond a yield strain which
defines the extent of the linear elasticity regime [10].



Here we start by presenting more detailed measure-
ments of the low frequency divergence of the response
function, shown in Fig. 3(a). The graph shows the am-
plitude of oscillation (in A) vs driving frequency v ob-
tained for the same sample and different amplitudes of
the driving voltage. The high frequency response is flat,
the plateau value being proportional to the driving force
Fy within experimental uncertainty. This is the behav-
ior of a spring. Measurements of this plateau in a wider
frequency range are reported in [8, 9]. For v — 0 the re-
sponse diverges as 1/v, as shown by the solid lines. This
is the behavior of a viscous fluid. The functional form we
use to fit the data of Fig. 3(a) reflects this behavior and
is discussed below. It defines a corner frequency w; below
which the system “flows”. This corner frequency shifts
to higher values for increasing amplitude of the forcing.
This is shown in Fig. 3(b), where we plot the corner fre-
quency wi vs applied voltage V. The line through the
points (which we discuss later) separates the w - V' plane
into two regions, one where we observe linear elasticity
(“elastic”), the other where we observe softening of the
protein (“viscoelastic”). The transition between the two
regimes is sharp when the response amplitude is plotted
against the applied force [10], Fig. 4, so Fig. 3(b) consti-
tutes a phase diagram of the dynamical behavior of the
protein.

We may similarly probe the dynamics of the closed
state. We add 1mM GMP, which is saturating concen-
tration (the binding constant for GMP is K¢g = 200 uM
[5]). Fig. 5 shows the response of the enzyme in the
“open” state (in the absence of GMP: squares) and in
the “closed” state (with GMP bound: circles), for the
same sample. The high frequency plateau, which defines
the linear elasticity stiffness, changes very little; from ac-
curate measurements in a wider frequency range we know
in fact that with GMP bound this stiffness is increased by
about 30% [8]. But the low frequency divergence is dra-
matically different, the open state being “softer” in this
regime than the closed state. In short, the so-called hinge
motion displays indeed a “soft” dynamics, but not in the
linear elasticity regime (i.e. no “soft mode”). Instead,
it is the phase line between elastic and viscoelastic (or
“soft”) dynamics which is displaced (towards higher fre-
quencies) in the open state compared to the closed state.
Finally, we remark that all measurements presented here
are reversible and cannot be attributed to electrochemi-
cal effects, but must reflect the dynamics of the tethers.

We now summarize quantitatively these observations
by means of an heuristic model of the ensemble aver-
aged protein’s mechanics which we introduced previously
[9, 10]. The basic observation is that the ensemble av-
eraged deformation, measured in the experiments, shows
elastic behavior at high frequency and viscous flow be-
havior at low frequency. This is called viscoelasticity, and
is captured in its simplest form by the Maxwell model,
which is a spring and dashpot in series (Fig. 6(b)).

The relation between force f and displacement z for this
model is:

dz_ldf

=IO, (1)

where k is the spring constant, v the dissipation coeffi-
cient of the dashpot. In the experiment, this object is
coupled to a GNP. The equation of motion of the GNP
is:

dz

F(t) = dt’

£(t) + 702 (2)
where F' is the force applied by the electric field. g is the
hydrodynamic dissipation coefficient of the GNP, and in-
ertial effects are negligible at the frequencies of interest.
There is no thermal motion term in (1) or (2) because
z is an ensemble averaged quantity. This deterministic
dynamics reproduces exactly the ensemble averaged dy-
namics of the corresponding Langevin equations, because
the system is linear (see Suppl. Mat. in [10]). From (1)
and (2), with an oscillating force F' = Fj sin(wt) one finds
that the amplitude of the response is:

Fy 14 (w/wr)?
(Y +r)w | 1+ (w/w2)?

where wy = k* /7 is the corner frequency of the viscoelas-
tic element and wo = k*(v+70)/(770). For v > ~y, which
is the case for this setup [9], wa > wy and at frequencies
w < wy (the regime we explore here) this response sim-
plifies to |z| = [Fy/(yw)]\/1+ w/w1 2. This describes
very well the frequency dependence at fixed force Fy (Fig.
3(a)). With this motivation, we fit the data of Fig. 3(a)
with the form:

2| = 3)

o= 2 i (2, 0

and determine for each data set the parameters A and
wi. In the inset of Fig. 3(a) we show the data col-
lapse obtained by plotting In¢ vs In(1/w) (where ¢ =
|z|/[Ay/1 4+ (w/w1)?]), using these values of A and wy.
The slope of the graph is 1.02 4+ 0.02 showing that the
response function indeed diverges as 1/w for w — 0. Fig.
3(b) shows the values of the corner frequency w; (ob-
tained from the fits of Fig. 3(a)) plotted against the
driving voltage Fy. The relation w; = wi(Fp) defines a
phase line in this diagram separating elastic from dissipa-
tive response. The existence of this phase line is a main
new result in the mechano-chemistry of enzymes.

We now calculate the shape of the phase line, which is
a stretched exponential (i.e. logv increases faster than
linearly with V). Noting that the yield deformation z.
depends on frequency (Fig. 4), we assume that the DC
elastic energy E vs deformation z of the protein has the
qualitative behavior sketched in Fig. 6(a). The equilib-
rium states follow the lower of the two branches in Fig.



6(a). But there are also non-equilibrium (metastable)
states - the higher of the two branches - which are acces-
sible to the system dynamically. We assume this generic
picture of a bifurcation (e.g. the energy diagram for the
Euler buckling instability is similar) inspired by our mea-
surements of the equilibrium bending elastic energy of an-
other biopolymer, ds DNA [13]. Assume that for w > 0
the system can access the metastable states on the 22
branch (Fig. 6(a)). The lifetime 7 of such a state is (see
Fig. 6(a)):

T x exp(—A/T) = exp {—(;sz - ozzc)/T} , (5)

which yields the relation between w and z.:

L lew[Groanr].

wo

and since F,. = kz. we obtain the frequency dependence
of the critical force:

w) 1 _, «

Interpreting (7) as a relation between the corner fre-
quency wy and Fp, we obtain the solid line in Fig. 3(b).
Thus Fig. 3(b) represents a non-equilibrium phase dia-
gram for the protein, the phase line separating regions in
the frequency - force plane where the dynamical behavior
is elastic / viscoelastic.

We may apply these ideas to the measurements of
the response in the open and closed states. We fit the
data of Fig. 5 with the form (4) and obtain the pa-
rameters: Ay = 3.67 &+ 0.33, v]" = 9.23 £ 1.01 with
GMP (closed state, circles) and A_ = 9.20 £ 0.25,
vy = 23.29 £ 1.29 without GMP (open state, squares).
We notice that A_ /A, ~ vy /vi". Within the viscoelas-
tic model, v; = k*/(277y), A = const./7y, and we can
describe the data by saying that «y is a factor 2.5 smaller
in the open state compared to the closed state, while k*
is the same. The phase line in Fig. 3(b) is displaced in
the closed state compared to the open state.

Conclusions. Through a set of nano-mechanical mea-
surements of extraordinary resolution on the “hinge mo-
tion” of the enzyme Guanylate Kinase we arrive at the
following experimental picture. The system undergoes
a sharp (Fig. 4) transition from linear elasticity to a
softer (“viscoelastic”) dynamics as a function of force and
frequency. Specifically, the susceptibility x(w) = |z|/Fo
diverges as 1/w for w — 0 and goes to a constant for
w — o0o. We give an experimental description of this
transition in terms of how the susceptibility x(w) de-
pends on the force: x = x(w, Fy) (Figs. 3(a), and 4).
Namely, we experimentally define a line in the w - Fjy
(frequency - force) plane (Fig. 3(b)) which separates
elastic from viscoelastic response. In the representation

of Fig. 3(a), following one curve towards lower frequen-
cies corresponds to moving downwards along a vertical
line in the phase diagram of Fig. 3(b): at some point
one crosses from the elastic into the viscoelastic (soft)
regime. Similarly, in the representation of Fig. 4, which
shows plots of the forcing amplitude Fy vs response am-
plitude |z| at fixed frequency v, moving along a curve
for increasing Fy corresponds to moving along a horizon-
tal line in Fig. 3(b). Again one crosses from the elastic
to the viscoelastic regime at a certain (frequency depen-
dent) critical force. We give a simple argument for the
shape of this phase line, and show that in the closed state
it shifts to lower frequencies compared to the open state.
The open state is “softer” than the closed state (Fig. 5),
not because its linear elastic constant is smaller, but be-
cause it is easier to access the soft (viscoelastic) state.
Therefore, the hinge motion has nothing to do with “soft
modes” and everything to do with the viscoelastic tran-
sition [9]. From Fig. 4 it is also evident that most (90%)
of the 1 nm amplitude functional conformational motion
of GK happens in the viscoelastic regime.

The conclusions above are experimental, independent
of assuming the viscoelastic dynamics (3). However, as-
suming for the ensemble averaged dynamics of the pro-
tein the model (3) produces remarkably good fits to the
data (inset of Fig. 3(a)). In this interpretation, the shift
of the phase line in the open compared to the closed state
is due to the dependence of the parameter 4 on force (a
nonlinear effect).

The linear viscoelastic model (1) describes very well
the frequency dependence of the measurements at fixed
force Fy (Fig. 3(a)). However it does not describe the
force dependence, which is nonlinear (Fig. 4). A compre-
hensive mathematical description of the transition, and
eventually a microscopic model, are tasks for future work.

Onuchic, Wolynes, and collaborators, using structure
based coarse grained simulations [6, 7], have arrived at
a structural description of the kind of conformational
motion probed in our experiment. This description in-
volves localized melting and refolding to connect open
and closed states [6]. Qualitatively, it seems to us that
a molten “hinge” would flow and thus produce a sus-
ceptibility which diverges as 1/w, so we think that their
predicted scenario, which they called “cracking” [6], and
our observed dynamics, which we called the “viscoelas-
tic transition” [9], may be one and the same. In this
case, this study establishes experimentally the ensemble
averaged dynamics of cracking.
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FIG. 1. The experimental system. (a) The sample chamber
with AC electric field and synchronous evanescent wave scat-
tering optical measurement of deformation. (b) The geome-
try of the enzyme Guanylate Kinase (GK) tethering a gold
nanoparticle (GNP) to the gold coated slide. The attachment
points (residues mutated to Cysteines at positions 171 and
75) are shown on the structure. The enzyme and the GNP
are drawn approximately to scale.

FIG. 2. The open to closed conformational change (“hinge
motion”) of (yeast) GK. Shown are the crystallographic struc-
tures of the enzyme with and without GMP bound (PDB
structures 1EX7, 1EX6).



e
o o o o
1 1 1 1

Deformation (A)

-
o
1

o
o
1

o
o

0 20 40 60 80 100 120
Frequency (Hz)
(a)

w
(6]
1]

w
o
1

N
(6}
1

elastic

N
o
1

Frequency (Hz)

-
(6)]
1

viscoelastic

-
o

03 04 05 06 07
Voltage (V)

(b)

FIG. 3. (a) Ensemble averaged amplitude of the deforma-
tion |z| vs frequency v for different driving Voltages, show-
ing the low frequency divergence of the susceptibility. The
lines are fits to the data using eq. (4). The error bars
represent standard deviations (£ SD) over 5 measurements
(on the same sample). The inset is a plot of In(§) =
In[|z|/(Ay/1 + (w/w1)?)] vs In(1/w) for the same data, show-
ing the data collapse obtained using eq. (4). The best linear
fit has a slope of 1. (b) The phase diagram of the viscoelas-
tic transition, obtained by plotting the corner frequency wi
obtained from a) vs the Voltage V. The line, which is a fit
using eq. (7), separates linear elastic from softer (viscoelastic)
dynamics.
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FIG. 4. Forcing amplitude vs deformation at fixed frequency;
circles: v = 10 Hz; squares: v = 50 Hz. The linear elasticity
regime is extended at the higher frequency. The transition to
the soft (viscoelastic) dynamics is sharp.
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FIG. 5. Deformation amplitude |z| vs frequency v for the
same sample and driving Voltage, in the presence (circles:
closed state) and absence (squares: open state) of the sub-
strate GMP. While the linear elasticity (large v) is essentially
the same in the two cases, the low frequency behavior is dra-
matically different.
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FIG. 6. (a) Sketch of a possible zero frequency free energy as a
function of deformation z. The quadratic branch corresponds
to linear elasticity, the linear branch gives rise to the soft
(viscoelastic) dynamic states. Metastable states of energy A
with respect to the ground state are accessible dynamically.
(b) The simplest (Maxwell) model of viscoelasticity: a spring
and dashpot in series.



