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ABSTRACT

We present an analysis of high-resolution quasi-elastic neutron scattering spectra of phosphoglycerate kinase which elucidates the influence
of the enzymatic activity on the dynamics of the protein. We show that in the active state the inter-domain motions are amplified and the
intra-domain asymptotic power-law relaxation o< t™* is accelerated, with a reduced coefficient a. Employing an energy landscape picture of
protein dynamics, this observation can be translated into a widening of the distribution of energy barriers separating conformational substates
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of the protein.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0166124

Understanding the functional dynamics of enzymes is a fun-
damental issue in molecular biophysics, biology, and biochem-
istry. Phosphoglycerate kinase (PGK) is one example for which
the dynamics-function relationship has been intensively studied
with various methods, including structural nuclear magnetic reso-
nance (NMR), x-ray crystallography, quasielastic neutron scattering
(QENS), neutron spin echo (NSE) spectroscopy, and molecular
dynamics (MD) simulation.' '’ PGK is a monomeric enzyme which
is fundamental for the metabolism of all living organisms. By con-
verting 1,3-bisphosphoglycerate to 3-phosphoglycerate it catalyzes
one of the two ATP-producing reactions of the glycolytic pathway
and it participates also in gluconeogenesis by catalyzing the oppo-
site reaction to produce 1,3-bisphosphoglycerate and adenosine
diphosphate phosphate (ADP),"!

1,3— bisphosphoglycerate+ ADP — glycerate 3 — phosphate + ATP.
1

Yeast PGK has a weight of about 45 kDa and is composed of two
domains which are connected by a well conserved hinge region
where the catalytic reactions take place. Several of the studies cited
above have been performed with the particular goal to better under-
stand the role of the inter-domain motions for the function of the
enzyme.”””” A powerful space and time-resolved method for this
purpose is neutron spin echo (NSE) spectroscopy, which has been
used in Ref. 7 in combination with small-angle neutron scattering
(SANS) and normal mode analysis and in Ref. 9 in combination with
MD simulation. Standard NSE probes the slow motions and global
diffusion of proteins on a 0.1-100 ns time scale and on a nm length
scale. The results of the NSE studies suggest that the hinge-bending
motions of the two domains in PGK enable its enzymatic activity
and that the presence of the substrates rigidifies the molecular and
accelerates its internal dynamics.

The present article aims at extending and consolidating the
abovementioned work with an analysis of QENS data from the
high-resolution spectrometer IN16B at the Institut Laue-Langevin
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in Grenoble. The instrument probes the ns time scale if operated
in BATS mode (backscattering and time of flight spectroscopy)'*
and closes the gap between QENS experiments with standard
time-of-flight spectrometers and NSE spectroscopy.

The QENS experiments on PGK were performed at 283 K in
presence and absence of the substrates (13 mM MgATP, 41 mM
3PG, 20 mM MOPS, 50 mM NaCl, 2 mM EDTA, pD 7.4, 99.9%
atom D deuteriumoxide) using a PGK concentration of 50 mg/ml.
PGK from yeast and all chemicals were obtained commercially from
Sigma-Aldrich. These conditions are the same as in Ref. 7 and war-
rant that PGK in presence of substrates is more than 90% in the
ligand-bound state. Prior to data analysis, the solvent-contributions
were subtracted. Since about 50% of the atoms in a protein are
hydrogen atoms, which have a strongly dominant cross section
for incoherent neutron scattering, the dynamic structure factor for
QENS from PGK can be written in the form

1 *eo —iw
S(q,w) = E/—-oo dte”'F(q,t), (2)
1 —iq%;(0) iq%;(t)
F(qt)~ —» (e 10) g% (D)) 3)
15| |

Here N is the number of hydrogen atoms, X;(t) is the time-
dependent position operator of hydrogen atom j, q the scattering
vector, and the symbol (- - -) denotes a quantum ensemble average.
The latter leads to the symmetry relations F*(q,t) = F(q,—t) and
F(q,t) = F(-q, —t + i3h).

As in several previous studies,””'° the analysis of the QENS
data has been performed in the time domain, employing a stochas-
tic model for the classical intermediate scattering function and
assuming that Schofield’s semiclassical approximation'”'* is valid.

For model building purposes, we assume that there is a
representative hydrogen atom “a” whose dynamics accounts for
both the relaxation dynamics of the individual hydrogen atoms
and their motional heterogeneity. Within Schofield’s semiclassical
approximation we have then

(+) o9 %a(0) JigXa(t)

F(q,t) ~ <e e >d, 4)
where (- - - ) , stands for a classical ensemble average. We assume fur-
thermore that the domains in PGK can be treated as equivalent and
that the motions of the scattering atom are uncorrelated with the
motions of the domain to which it is attached. Writing x, = Ry + 14,
where R, points to the center of the domain and r, to the position of
the scattering atom with respect to that reference point (see Fig. 1),
the orientation-averaged intermediate scattering function of PGK in
solution can then be factorized as

FO )~ flat)glat) (9=l (5)

where
f(g:t) = (agaq(t))a and g(g,t) = (AgAq(t))a (6)

are the orientation-averaged autocorrelation functions related to the
respective dynamical variables

R -
Ag=e%™ and aq=et™. (7)
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Both are to be understood as complex stochastic variables, depend-
ing parametrically on the respective position vectors and on q, whose
time evolution is described by appropriate diffusion models to be
described in the following. Conceptually our approach can be com-
pared to modeling reaction coordinates describing protein folding,"”
and it has been used so far to model QENS from the internal dynam-
ics of proteins and from water (see Refs. 13-16 cited above). We
apply it here in addition to account for inter-domain motions in
PGK by a refined model compared to the one we used in our recent
study of Myelin Basic Protein (MBP).'* Defining

= €R{Aq - <Aq)cl}
S{Aq - (Aq>cl}

we consider in particular that the conditional probability,
P(&,1&,,0) for a transition & — & within time t describes an
Ornstein-Uhlenbeck (OU) process,” i.e., diffusion in a harmonic
potential (left part of Fig. 2),

(8)

0 8P}. )

1o}
OrP = {1758*5~{§P}+D£8?'8*£

Here 7, is a relaxation constant and D; is a diffusion coefficient

which can be related to #; via D¢ = 7:kpT/Ky = ne{|€17)a, with K¢
being the force constant of the harmonic potential. We assume in
particular that (Aq) — 0+, without vanishing identically, such that
&, and &, can be formally considered as independent dynamical vari-
ables. The essential point is that the autocorrelation function of &
decays exponentially,

(67(0)-&(1))a = (IEO))ae™., 1 = ne(a). (10)

Since (Aq)~0 for a freely diffusing particle it follows that
(|€(0)*)a = 1, and we write therefore

glg1) = PO, (1
assuming that the relaxation coefficient #;(q) does not depend on
the direction of q. The parameter D(q) is here a g-dependent dif-
fusion coefficient. For small g-values it follows from the cumulant
expansion of the intermediate scattering function that

() 20 & TR RO N 1200 -Deg't (12)
where Dy is the diffusion coefficient for a whole domain and thus for
the whole PGK molecule. For finite g-values g(g, t) describes the dif-
fusion of whole PGK molecules which is modulated by inter-domain
motions.

For the intra-domain dynamics we use the same model as for
the internal protein dynamics in Refs. 13 and 14 and in the light of
the preceding discussions the dynamics of the vector variable

R{aq - (aq)a}

x=| . ) (13)
3{aq - (aq)a}
is described by a fractional Ornstein Uhlenbeck process,”**
_ gl @9 @9 Op
atp = Oat a{”lxa 37)( : {xP} +D)(a aix : aix} (14)

J. Chem. Phys. 159, 141102 (2023); doi: 10.1063/5.0166124
Published under an exclusive license by AIP Publishing

159, 141102-2

SlyZel €202 499010 L1


https://pubs.aip.org/aip/jcp

The Journal

COMMUNICATION pubs.aip.org/aipl/jcp

of Chemical Physics

FIG. 1. The PGK molecule (PDB code 3PGK) together with a sphere of radius
Ry = 30.5 A whichis used for the Stokes-Einstein relation (18) and the definitions
of R, and r,. The red arrow points to the center-of-mass.

FIG. 2. Smooth harmonic potential (left) and its rough counterpart (right) steering
the diffusion of & and y, respectively.

Here 0 < a < 1 and (0} denotes a fractional derivative of order
1 - o with respect to t,* 11;“) is a fractional relaxation constant,

and D)((“) the corresponding fractional diffusion coefficient. The
autocorrelation function of y evolves according to

(" (0) - x())a = (X )Ea(~11at")s #a = 1a()s (15)

where Eq(-7,t") is a stretched Mittag-Leffler (ML) function,”**
which interpolates between a stretched exponential at short times
and an inverse power law at long times and converges to a sim-

ple exponential (Debye relaxation) for « — 1. Noting that (|y|*)q

= 1 — EISF(q), where EISF(q) = |(aq)a]’ is the elastic intensity of an
isotropic system, we arrive at

f(q.t) = EISF(q) + (1 — EISF(q)Ea(-(|t|/7)"). (16)

Here EISF(q), 7 = 7(q), and « = a(q) are considered as g-dependent
fit parameters. The fractional Ornstein-Uhlenbeck process can be
visualized as diffusion process in a “rough” two-dimensional har-
monic potential (right part Fig. 2), which is characterized by a
wide distribution of energy barriers separating various minima or
“conformational substates.””” In the framework of the General-
ized Langevin Equation” the correleation function (15) is char-
acterized by a memory function with an algebraic long time tail
oc t*72/T(a - 1) whose amplitude vanishes for « — 1. We note here

that the parameter « entirely determines the distribution function
for the dimensionless barrier, ¢ = AE/kpT,

2esin (nax)

7'[(6_"‘62 +¢* +2cos (mx))'

PML (€) = (17)

For o — 1 the barrier distribution, Py (€), is entirely concentrated
one=0.

We start the discussion of the results with the right panel
of Fig. 3, which shows a fit of the resolution-deconvolved inter-
mediate scattering function, F ") (g,t) ~ f(g,t)g(g, 1), with four
parameters, 7(q), a(q), EISF(q), and D(q) for the minimum and
maximum g-values in absence and presence of substrates. The data
reduction has been performed with the MANTID package’” and the
code for the data analysis has been developed with Wolfram Mathe-
matica.”® Figure 4 displays the parameters 7 (left panel) and « (right
panel) as a function of g in presence and absence of the substrates
(blue and yellow triangles, respectively). A clear impact of the pres-
ence of substrates on the intra-domain dynamics can be seen: Both
7 and « are systematically reduced in presence of the substrates,
which indicates that the internal molecular dynamics is accelerated
by the enzymatic activity of the molecule and that the relaxation
dynamics of the domains becomes less exponential. We note that
7 and « in presence and absence of the substrates follow globally the
same evolution with q. The time scale parameter T becomes gener-
ally smaller with increasing g, which simply indicates that localized
motions are faster than collective motions implying a large num-
ber of atoms. The form parameter, , increases instead with g to
values close to 1, indicating increasingly exponential relaxation for
more localized motions. We attribute this behavior to the fact that
less relaxation modes contribute to localized motions than to large
amplitude motions which are probed at small values of g.

Figure 5 presents the fitted EISFs together with the integrated
measured QENS intensity over the width of the resolution function,
which can be considered as measured counterpart. The difference

or * PGK 1

sk PGK+substr.
. 06 L
g
L. 04F L

0.2F . E

q=1.692/A
0.0F I e o
0 100 200 300 400 500 600

t [ps]

FIG. 3. Resolution-deconvolved F(q,t) of PGK in deuterated solution without
and in presence of substrates (blue and yellow dots, respectively) and the
corresponding fits (blue and yellow line, respectively).
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FIG. 4. The model parameters 7 and « for PGK. Triangles indicate four-parameter fits (no error bars given) and squares three-parameter fits (with error bars). More

explanations are given in the text.

1.0
0.8f
. = PGK 3par
u 0.6f ‘ ., PGK+substr. 3par
[ ]
w g4 S e e 4, » PGK 4par
PGK+substr. 4par
0.2p o EISF measured for PGK
ool . s F 2 " ' 5 5 5 o EISF measured for PGK+substr.
0.8 1.0 1.2 1.4 1.6
QA

FIG. 5. The EISF parameter for PGK in absence and presence of substrates.

between the two can be attributed to unavoidable spurious contribu-
tions from quasielastic scattering, which are due to finite instrumen-
tal resolution. They are here estimated on the basis of the underlying
model for the relaxation function, ¢(g,t) = E«(—(|t|/7)%), and the
measured elastic intensity. The details can be found in Ref. 29. We
find that the fitted EISF is globally close to zero in the presence and
absence of the ligand, except at g = 1.3 A ™" where the EISF of PGK
in absence of substrates ligand is slightly larger than the EISF in their
presence. Correlating this observation with the decrease of  in pres-
ence of the substrates shows that the domains are slightly stiffened,
which confirms again the findings in Ref. 7 which were obtained by
NSE spectroscopy.

For comparison we show also fits with a reduced model where
D(q) =0 (blue and yellow squares, respectively). It can be clearly
seen that the results are very similar, the difference being the error
bars, which are much larger for the fit of all four parameters and
which are not shown here. This observation is in line with the find-
ings in Ref. 14 for the intrinsically disordered Myelin Basic Protein
(MBP) and we present the three-parameter fits to show that the fits
of 7, and EISF are stable.

The impact of the enzymatic dynamics on the intra-domain
energy landscape can be visualized by comparing the energy barrier
profiles, Py (€), describing its “roughness,”’'* which are displayed
in the left panel of Fig. 6. Important differences between the two
profiles are again observed for g-values corresponding to opening

amplitudes of the hinge region and indicate a wider distribution of
energy barriers in presence of the substrates. This corresponds to
the decrease of the alpha parameter described above, indicating a
stiffening of PGK in its active mode.

The g-dependent diffusion coefficient is displayed in the right
panel of Fig. 6. One observes that D(q) displays a pronounced mod-
ulation with respect to its values at small and large g-values. The
latter are close to the estimation for the diffusion coefficient of a
whole PGK molecule obtained from the Stokes-Einstein law,

ksT 3 9
Dy = ~51x10° A . 18
0 6mnRy x /ps (18)

For this estimation we used an effective hydrodynamic radius of
Ry = 30.5 A calculated from the PDB structure 3PGK, including the
diameter of a water molecule (see Fig. 1). The maximum of D(q)
at about gmax & 1.2 A ™! corresponds to 277/gmax & 5 A in real space,
which can be associated with breathing motions of the hinge-region
in PGK caused by its enzymatic activity and which have also be
observed by combining NSE spectroscopy, normal mode analysis,
and hydrodynamic molecular modelling.” The fact that D(q) ~ Dy
for smaller g-values is in line with the requirement that g(g, t) must
here describe diffusion of whole PGK molecules and D(q) ~ Dy at
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FIG. 6. Left panel: Energy barrier spectrum in absence (blue) and presence (yellow) of substrates. Right panel: The fitted diffusion coefficient D(q).

higher g-values reflects that more localized motions do not affect the
global diffusive dynamics of PGK.

To resume, we can say that our QENS study gives a consis-
tent picture of the functional dynamics of PGK which confirms and
completes an earlier study by NSE spectroscopy. It shows in par-
ticular that the “minimalistic” model used in this work suffices to
extract the essential information in the QENS data through a physi-
cal interpretation of g-dependent model parameters. In this context
the strongly non-exponential relaxation dynamics in proteins is a
key element which must be accounted for to fully exploit the rich
information content in the QENS data. We finally remark that the
concept can be easily extended to describe also coherent scattering,
In this case one simply considers collective dynamical variables of

the formaqg = 3; exp (iQ‘Xj)/\/N
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