ROLE OF PROTEIN DYNAMICS IN THE CATALYSIS BY 6-
HYDROXYLMETHYL-7,8-DIHYDROPTERIN
PYROPHOSPHOKINASE: A COMBINED NMR AND MOLECULAR
DYNAMICS SIMULATION STUDY

By

Zhenwei Lu

A DISSERTATION
Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of
DOCTOR OF PHILOSOPHY
Biochemistry and Molecular Biology

2011



Abstract
ROLE OF PROTEIN DYNAMICS IN THE CATALYSIS BY 6-
HYDROXYLMETHYL-7,8-DIHYDROPTERIN PYROPHOSPHOKINASE: A
COMBINED NMR AND MOLECULAR DYNAMICS SIMULATION STUDY
By
Zhenwei Lu

Proteins are intrinsically dynamic and it is believed that the dynamics has
functional roles. While it is still a debate whether the protein dynamics is important for
the chemical step of enzymatic function, there is an increasing consensus that protein
dynamics plays important roles in the substrate binding and product release.

6-Hydroxylmethyl-7,8-dihydropterin pyrophosphokinase (HPPK) catalyzes the
pyrophosphate transfer from ATP to 6-hydroxylmethyl-7,8-dihydropterin (HP), a key
step in folate biosynthetic pathway. Evidence has indicated that HPPK dynamics is
important for its function. Atomic structures have been determined for nearly every stage
of its catalytic cycle. Comparison of those structures clearly shows that HPPK goes
though dramatic conformational changes during the catalytic cycle, especially in the three
catalytic loop regions.

In this thesis, the HPPK dynamics along the first half of the catalytic cycle,
substrate binding, was studied using Nuclear Magnetic Resonance (NMR) and molecular
dynamics (MD) simulation. The importance of protein dynamics was addressed by
studies on two mutant proteins: Q50A and N10A HPPK. Q50 and N10 are key residues

in the hydrogen-bond network found in the x-ray crystal structure of HPPK ternary

complex, which couple the three catalytic loops together.



My results show that ligand-free (apo) HPPK is highly dynamic on a timescales
ranging from picosecond to second, and binding of the first substrate does not reduce the
internal dynamics but rather enhances it moderately, especially in the catalytic loop
region. HPPK dynamics is largely quenched upon the binding of the second substrate,
however, some mobility remains. The remaining dynamics may help the optimization of
the active site interaction. Both N10 and Q50 are important for connecting the three
catalytic loops and the loop coupling is important for the binding of the second substrate
HP and the full assembling and stabilization of the active center and catalysis. MD
simulation studies show that the active site residues pre-sample the side-chain
conformation for substrate binding even without substrates, indicating that HPPK follows
a selected-fit mechanism. One possible HPPK conformational transition pathway during

the substrate binding is identified through targeted MD simulation.
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CHAPTER 1

Introduction



Enzyme Catalysis and Dynamics

Life is impossible without enzymes. The power of enzymes makes it possible for the
reactions needed for life to take place much faster to meet the life cycle. Rate
20 Sy . Sy
enhancement by enzymes could be up to 10" fold (/), which is amazing, considering
.. 2 .4
that rate enhancement by non-enzyme catalysts is in the range of 107 -10 fold (2). How
enzymes achieve this enormous rate enhancement is an ultimate question attracting

biochemists.

It is generally accepted that an enzyme achieves its catalytic power by lowering the
activation energy of a reaction and there are conflicting structural requirements as the
enzyme goes through its catalytic cycle (Figure 1.1). As a rule of thumb, the active center
of the enzyme must be in an open conformation for substrate binding, in a closed
conformation for maximal transition state stabilization in the chemical step, and in an
open conformation again for product release. Consequently, enzyme dynamics is an
important aspect of enzymatic catalysis. Although whether protein dynamics enhances
the chemical step is still not fully understood and remains controversial (3-5), there is
consensus that protein dynamics plays an important role in substrate binding and product
release.

To understand the catalytic mechanism of an enzyme, one has to have both structural
and dynamics information of the enzyme. However, the current focus on structural

biology is to use static structures from either X-ray crystallography or solution nuclear
2



magnetic resonance (NMR) spectroscopy to understand the underlying mechanism of a
biological function. Although the structures have greatly enhanced our understanding of
structure-function relationships of enzymes, their usage in understanding the role of

protein dynamics in enzymatic catalysis is limited.

The Timescales of Protein Dynamics

In general, protein motion can be divided into two categories: the transition from one
conformation to a different conformation and the dynamic fluctuation within one
conformation (6, 7). The transition between different conformations usually occurs on the
us to second timescale, similar to a timescale for an enzyme to complete its catalytic
cycle. Therefore, it is generally believed that the dynamics on this timescale is more
relevant to enzyme function. The dynamic fluctuation within one conformation usually
occurs on fs to ns timescale. This kind of motion may assist the alignment of the active
site residues for maximal transition state stabilization. It is also proposed that the
dynamic fluctuation within one conformation might facilitate the conformational

transition (8).

NMR Method to Study Protein Dynamics

While many spectroscopic methods can be used to study protein dynamics, NMR,
the method used in this thesis, is the most powerful method in term of both spatial and

time resolution (9). The power of NMR lies in its atomic resolution, the wide range of



timescale it covers, from ps to days, and the large number of natural probes available in
proteins, including hydrogen, carbon and nitrogen atoms. Specific NMR techniques have
been developed for characterizing protein motions on different timescales. NMR
relaxation measurements can be used to study motions on ps to ns timescales, while
NMR relaxation dispersion measurements can be used to study motions on ps to ms
timescales. ZZ exchange measurements can be used to study motions on ms to second
timescales. Hydrogen/deuterium exchange measurements can be used to study motions
on the timescales of seconds to days. Combining these different NMR measurements, a
near-complete characterization of protein motions at the atomic resolution could be

obtained.

NMR Study of Picosecond to Nanosecond Timescale Dynamics

Ps to ns timescale protein motions can be studied through NMR relaxation
measurements. How do NMR relaxation parameters relate to protein motion on a given
timescale? Generally speaking, molecular motion causes time-dependent fluctuations of
the magnetic field through two mechanisms: chemical shift anisotropy (CSA) and dipolar
coupling interactions. These fluctuations cause spin transitions between different energy
levels, which leads to NMR spin relaxation. Studying the relaxation processes can
provide information of motions within a molecule at the atomic level.

The nuclear spin most frequently used for NMR relaxation study of protein dynamics

. 15 . . .
is backbone N, because its mechanism of relaxation is simpler than those of other

4



spins. First, backbone 15N relaxation is dominated by CSA of 15N and the dipolar

coupling interactions with the attached proton, and the effects of other protons could be
considered negligible. Second, the 15N-IH distance is fixed by the covalent bond. Thus,
fluctuation in the angular term is the main cause of relaxation.

Backbone 15N is used as an example for the following discussion. The relaxation
processes can be described through three parameters that can be measured by NMR: spin-
lattice relaxation time (77 ), spin-spin relaxation time (77), and hetero-nuclear nuclear
Overhauser effect (NOE). They are related to the spectral density function through the
following equations (/0):

1 d2

_ 2 2,2
T—l—E[J((DH —(DN)+3J((DN)+6J((DH +®N)]+EmNAG J((DN) (1.1)
L —d2 4J(0) +J 3J 6J 6J
T__%[ ()+ ((*)H_('ON)'i' ((DN)+ ((DH)+ ((DH+(DN)]
2 (1.2)

1 2,2

+E®NAG [4J(0)+3J(mN)]+ReX

NOE=1+H a2 L1630, + o)~ (o, — o )TN (1.3)
YN 10 H N H “N-1 '
Where d? = E,y,%,hz / 78 Acis the CSA, and the Rpy term is a compensation for pus

to ms timescale motions. The spectral density function J () is the Fourier transform of

the normalized autocorrelation function g(t). It is defined as:

J@)= ] g(0)e" 19%dr (1.4)
0

For random isotropic tumbling due to Brownian motions:



J@)=—5—~ (1.5)
c

—T/TC (1.6)

where 1. is the rotational correlation time.

The spectral density function is determined by the nature of the molecular motion. As
the complexity of motion increases, the number of parameters to define the spectral
density function increases. To simplify this issue, the model-free approach was
developed, initially by Lipari and Szabo (77, 12) and extended by Clore and coworkers
(13). The details of motion are not considered in this approach. Instead, it is assumed that
the overall motion can be separated from fast internal motion, and the internal motion can
be described by a generalized order parameter (52 ) and the correlation time (;).

In the extended model-free analysis, the motion is described as (/3):

s2 (57 -89,
J(w) = > 2+ 5% (1.7)

1+t 1+ w7
C m

and the correlation function is:

it

-7lt _
Frs?-s2e s (L8)

9(r) =S +(1-5%)e

TC *Tl

, S 2 is the amplitude for the faster motion. t¢ and 7, are the

where Ty, = ;

correlation time for fast and slow internal motion, respectively.

In addition to these four parameters, 1y, Te, S2 and S% , the extended model-free



analysis also includes an Rgy term to account for the chemical exchange. Thus, there are

in total five possible parameters to define the internal motion. A subset of these
parameters might be sufficient for fitting, considering that only three experimental

observables (71, 7>, and NOE) are measured in a single field NMR relaxation

experiment. One widely used approach has five sets of parameters to define the spectral
density function for the internal motion: S2 , (S2 , TF), (.S'2 , Rex), (.5'2 , Rex, tf), and (S2 . 52 ,
15) (/4). The fitting starts from the simplest parameter set then moves onto the more
complicated ones, with statistic tests, the X2 test and the F-test, to determine which model
is appropriate. There are other methods available for model selection, most of which are
based on either Akaike’s information criteria or Bayesian information criteria (15, 16).
Prior to the model-free analysis, the global correlation time has to be determined
from the 7'/T, ratio. Since the presence of significant internal motion and chemical
exchange distorts the 7//T5 ratio, only residues without significant internal motion and
chemical exchange are chosen for the calculation. For these residues, the 77/7 ratio is
determined by the rotational correlation time. The global correlation time can be obtained

by minimizing the difference between the left and right side of the following equation

(17):
d? 0 3 6 6 L 02 Ac2[41(0) + 3
Tl _%[4.]( )+.](coH —(oN)+ J(ooN)+ J(ooH)+ J(coH +(DN)]+E(DNAG [4J(0) + J(o)N)])
T d2
2 o Do o) +3)o) + 80, +wN)]+1—250)2NA02J(0)N)

(1.9)
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NMR Study of Microsecond to Millisecond Timescale Dynamics

Motions on the ps to second timescales are related to chemical exchange, as it
involves a change in the chemical environment of a spin and leads to a chemical shift

change. Consider a simple model for an exchange process:

k
A ‘=,1 (1.10)

Kk

2

The rate constant for the conversion from A to B is k1 and the rate constant for the

reverse reaction is k. The overall equilibrium constant Keq=k1/k>. The population

fraction for each rate is:

Pp = k2 S 1.11
A k,+k, 1+K (1.11)
1 72 eq
P = k1 = Keq 1.12
B kytky, 1+K (112)
2 eq
The exchange rate between A and B is defined as:
k k
_ _1_ 2
keX B k1+ k2 - p B p (113)
B "A
The frequency difference between A and B is:
Aw= a)A - COB (114)

The exchange process can be categorized based on the relative magnitudes of kqy and

Awm:



slow exchange: k_ <Aw;
ex
intermediate exchange: keX ~Aw,

fast exchange: keX > Aw;

Our focus is on the fast exchange process, which for proteins is on the ps to ms
timescale. Motions on this timescale are considered to be very important for enzymes,
since most enzymatic reactions occur on this timescale. The fast exchange process can be
studied using Carr-Purcell-Meiboom-Gill (CPMG) NMR relaxation dispersion method
(18).

In CPMG NMR measurements, the observed relaxation rate for all exchange

processes is given by the equation below (/9):

1 1 +
RZ—E[R2A+RZB+k1+k2]—T—In/1 (1.1

cp

2" =mn[(D, cosh?&-D cos? )t/ 2 + (D+sinh2 £-D sin?p)l/?]
(1.1
=(1/2) cosh_l[D+ cosh2g — D cosh2z]

2
where: D+=%[ili%]
- yo+g
p 21/2
£= P ly +ly? +62]
J8
T
]1/2

Py 2+
f
g=2Aa)(R2A—RZB+k1—k2)
w=(R, » —Roo +k —k.)2 = (Aw)? + 4k k
on ~Rog Tk Ky 12
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For the fast exchange process, this could be simplified to the following equation
(20):

A, B 2 kK 1
_ Ry +R3 4 PaPg(A®) 2 ex cp]

[1- tanh
2 2 k kK 7
ex ex cp

R (1.17)

In general, the exchange rate could be obtained by fitting the measured R» to these

equations. In favorable cases in which the population of each state can be obtained, it is
possible to get all the information about the chemical exchange, including forward and
reverse rate constants and the chemical shift difference between the two exchange

species.

Molecular Dynamics Simulation

Molecular dynamics (MD) uses classical Newtonian mechanics to explain the
behaviors of a molecular system. Given the potential V and the initial configuration r,
MD simulation can provide the precise position of each atom 7 at any time by solving the

Newtonian equation of motion.
m—J1-F (1.18)
F=-VV (1.19)

The general form of the total energy in molecular mechanics is:
Etotal = Ebonded * Enon — bonded (1.20)

in which the bonded and non-bonded potentials are given by the following equation:
10



Eponded = Ebond * Eangle * Eihedral (1.21)

E onbonded = Eelectrostatic * Evanderwaals (1.22)

The force field used in the Amber molecular dynamics package we used for the MD

simulations is:

Vv
_ _ 2 3 2 Yn ~
Brotal =, Z Kll=lgg)™+ X KU =l )™+ X —Hl+cos(nw—y))
bonds angles torsions
N A. B. 0.0
2 gt
<] I’i- r.. ‘Sfij

J 1)

The first three terms refer to the potential energies of bonded atoms (atoms connected by
three or less chemical bonds) and the fourth is for non-bonded interactions. The first term
is the potential energy of bond stretching, the second the potential energy of bending of
bond angles, the third the potential energy of torsion angles, and the fourth includes both
van der Waals and electrostatic interactions.
Given the initial coordinates and velocities, the trajectories of the system can be

calculated by integrating Newton s equations of motion. Verlet-type algorithms are the
most widely used due to low computational cost and high accuracy. The velocity Verlet

algorithm is given below for updating the coordinates and velocities:

F(t+ At) = r(t) + V()AL + (1/ 2)a(t) At2 (1.24)
V(t+ At/ 2) = V() + (L/ 2)a(t) At (1.25)
a(t + At) = —(L/ m)VV (r(t) + At)) (1.26)

11



V(t + At) = v(t + At/ 2) + (1/ 2)a(t + At)At (1.27)

The application of all-atom molecular dynamics is limited to sub-microsecond
timescale with current algorithms and computer resources. However, pus to ms timescale
dynamics is probably most relevant to protein function, since protein functions mostly on
this timescale. Various methods to overcome this issue have been developed. Among
these methods, molecular dynamics with external potential to guide the conformation
search is particularly useful to identify the possible transition pathways when the
conformations of both starting and ending states are known. Three most commonly used
such methods are targeted MD (TMD), steered MD (SMD) and biased MD (BMD).

These methods differ in how the progress variable is controlled. TMD applies a time-
dependent holonomic geometrical constraint to a target structure. Thus, the
conformational transition is enforced independent of the energy barrier (27, 22). SMD
applies a harmonic restraint based on a reference point to move the system toward the
target in a way similar to atomic force microscopy (23-25). BMD applies a harmonic
potential to guide the conformational transition by penalizing the move to the undesired
direction (26, 27). Comparison of the paths generated from these three methods has
shown that the paths are similar for a given progress variable in most cases but depend
strongly on the choice of progress variable (28). In this thesis, we use TMD to study the
conformation transitions in the formation of the substrate complexes of 6-hydroxymethyl-

7, 8-dihydropterin pyrophosphokinase (HPPK).

12



Literature Review of HPPK

Tetrahydrofolate cofactors are required for the synthesis of certain amino acids,
purine and thymidine and therefore essential for life. Bacteria must synthesize folates de
novo, because they lack the transport system. In contrast, mammals have to obtain folate
from their diet, as they lack the enzymes such HPPK in the mid folate pathway. This
difference between mammals and bacteria makes enzymes in this pathway attractive
targets for the development of antibacterial agents. For example, inhibitors of
dihydropteroate synthase (DHPS) and dihydrofolate reductase (DHFR) have been used as
antibiotics for the treatment of bacterial infections.

HPPK catalyzes the transfer of the pyrophosphate group from ATP to 6-
hydroxymethyl-7,8-dihydropterin (HP) and is one of the key enzymes that catalyze folate
biosynthesis. It belongs to a class of enzymes that catalyzes pyrophosphoryl transfer.
Other members of this class of enzymes include ribose-phosphate pyrophosphokinase,
nucleotide pyrophosphokinase, GTP pyrophosphokinase, and thiamine
pyrophosphokinase. Although the mechanism of many kinases that catalyze phosphoryl
transfer has been extensively studied, much less is known about the mechanism of
pyrophosphokinase.

Escherichia coli HPPK (EcHPPK) has high sequence similarity to HPPKs from
many pathogens. For example, it shares ~56% sequence identity with Haemophilus

influenza HPPK, ~40% identity with Pneumocystis carinii HPPK, ~35% identity with
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Staphylococcus aureus HPPK and ~33% identity with Mycobacterium tuberculosis
HPPK. As a small (158 residues, ~18 kDa), monomeric protein, ECHPPK is an excellent
model system to study the mechanism of pyrophosphate transfer.

Most of the studies on HPPK have been focused on ECHPPK, although there are
some studies on HPPKs from other species (30-32). The ECHPPK-catalyzed
pyrophosphoryl transfer follows an ordered bi-bi mechanism with MgATP binding to the
enzyme first (33, 34). Mngr is required for the reaction. The enzyme is very specific to
ATP: the affinity of MgATP for HPPK is 260-fold higher than that of MgGTP, and more
than 1000-fold higher than those of any other nucleoside triphosphates. The binding of
MgATP is driven by favorable enthalpy and entropy (35). The individual rate constants
for the HPPK-catalyzed reaction have been determined through combined stopped-flow
and quench-flow analyses (34) (Figure 1.2). The results show that the chemical step is not
the rate-limiting step for the ECHPPK-catalyzed reaction. This finding is a clear
indication that protein dynamics play important roles during the catalytic cycle. The high
affinity of HPPK for HPPP (6-hydroxymethyl-7,8-dihydropterin pyrophosphate) (36) and
low affinity of AMP (35) suggest that the release of HPPP could be rate-limiting, and
AMP is preferentially released first.

Along with the kinetic studies, extensive structural studies have been carried out on
EcHPPK, using both X-ray crystallography and solution NMR spectroscopy (37-42).

Both commercially available and homemade substrate analogues have been used for the
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structural studies, including a,methyleneadenosine 5’ -triphosphate (AMPCPP) and
S, -methyleneadenosine 5’ -triphosphate (AMPPCP) for ATP and DMHP (7,7-dimethyl-
6-hydroxymethylpterin) for HP. Figure 1.3 shows the crystal structure of the ligand-free
(apo) HPPK (39). It has a three layered a-B-o fold formed by six B strands and four a-
helices. Three flexible loops are formed between B1-al (loop 1), B2-B3 (loop 2) and a2-
4 (loop 3). The substrate binding site has been identified by NMR (43) and revealed by
the crystal structure of the ternary complex of HPPK with AMPCPP, HP and two Mg2+
ions at 1.25 A resolution (38). As shown in Figure 1.4, HP is sandwiched between the
two aromatic rings of F123 and Y53 and forms six hydrogen bonds with residues T42,
P43, L45 and N55. Twelve residues are involved in the binding of AMPCPP, including
Q74, E77, R84, R88, W89, R92, 198, R110, T112, H115, Y116, and R121, among which
E77, R92, H115, and R121 are conserved. Two Mg2+ ions are found in the active site and
both are six-coordinated. One is coordinated with oxygens from the o,  phosphate
groups of ATP, two water molecules, and the carboxyl oxygens from D95 and D97. The
other is coordinated with the remaining carboxyl oxygens from D95 and D97, the 3, y
phosphate groups of ATP, the hydroxyl group from HP, and one water molecule. Thus,
the two substrates are well aligned for the pyrophosphoryl transfer.

EcHPPK undergoes dramatic conformational changes during the catalytic cycle,
particularly in loops 2 and 3, as shown by representative HPPK structures along the

catalytic cycle that have been determined using either substrate or substrate analogues
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(Figure 1.5) (37, 38, 40, 42). The large conformational changes are not due to crystal
packing effects and are confirmed by several NMR solution structures, including the
HPPKeMgAMPCPP binary complex and the HPPKeMgAMPCPPeDMHP ternary
complex. In the apo form, loop 3 is open, but upon binding AMPPCP or ADP, loop 3
further opens up and moves away from the active center with the Ca atoms moving by as
far as ~17 A. Loop 3 is closed upon the binding of the second substrate HP, as revealed
by the crystal structure of the HPPKe AMPCPPeHP ternary complex (38, 42). It opens
again after the pyrophosphoryl transfer reaction as revealed by the crystal structure of the
ternary product complex HPPKeAMPeHPPP (37), with a conformation similar to that of
the HPPKeMgAMPPCP HPPKeMgADP complex. After the release of AMP, loop 3
undergoes yet another conformational change as revealed by the crystal structure of the
HPPKeHPPP complex, with a conformation similar to that of the HPPKeMgAMPCPP
complex (37, 40). Loop 3 opens after the release of the second product HPPP and returns
to the conformation of the apo form.

HPPK is a well-established system for NMR dynamics study. NMR structures of
HPPK have been determined for the apo form (42), the HPPKe AMPCPP binary complex
and the HPPKeAMPCPPeDMHP ternary complex (40). Unlike kinase which catalyzes
the single phosphate transfer of y-phosphate of ATP, pyrophosphate kinase catalyzes
pyrophosphate transfer at § phosphorus. Thus, AMPCPP is an excellent mimic of ATP for

pyrophosphate transfer reaction. DMHP is a stable mimic of the second substrate HP. So
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these structures represent the snapshots of the first half trajectory of reaction. The NMR
structural work discussed here has laid a solid foundation for the dynamics studies of the
HPPK.

The structure-function relationship of HPPK has been investigated by the
combination of site-directed mutagenesis, biochemical analysis, and X-ray
crystallography. The functional and dynamic roles of R82 and R92, which interact with
the nucleotides, have been revealed by such combined studies (44, 45). Substitution of
R82 and R92 with alanine reduces the rate constant for the chemical step by a factor of
~380 and 3.5><104, respectively. However, there is no significant change in either binding
energy or binding kinetics of ATP/HP for either mutant, except that the R92A mutant
reduces the association rate constant of HP by a factor of 4.5 and the dissociation rate
constant by a factor of 10. The results suggest that both R82 and R92 play important roles
in the chemical step, and R92 is particularly important for the transition state stabilization.
However, neither residue is important for ATP and HP binding, except that R92 might
facilitate the binding of HP. X-ray crystal structure studies on the wild type (WT) and
mutant enzymes suggest that R92 first binds to the a-phosphate group of ATP and then
shifts to interact with the S-phosphate, whereas R82, which initially does not interact
with ATP, moves in and binds to the a-phosphate when the pyrophosphoryl transfer is
about to occur. The conformational changes of loop 3 as described earlier are necessary

to bring the catalytic residues R82 and R92 into the active center (44,45).
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As described earlier, loop 3 undergoes dramatic conformational changes during the
catalytic cycle of HPPK. The roles of loop 3 in catalysis have been investigated also
through combined mutagenesis, biochemical, and X-ray crystallographic studies. A
deletion mutant (V83GA84-89) has been designed for this purpose (46). The kinetics
results of the mutant enzyme show that the deletion mutation causes no significant effects
on either the rate constants or the dissociation constant for ATP binding and ~100 times
increase in the dissociation constant of HP due to the increase in the dissociation rate
constant. It reduces the rate constant of the chemical step by a factor of ~1.1x105 and
shifts the rate limiting step to the chemical step. X-ray crystal structure studies show that
the mutant enzyme in the apo form is well folded with a conformation similar to that of
the WT. However, the mutant ternary complex does not have a fully assembled active
center. Together, these results suggest that the long loop is not important for the folding
of the enzyme but plays an important role in the active center assembling and is critical
for catalysis.

The functional importance of loop 3 is not due to the interactions of the guanidinium
group on R84 and the indole ring of W89 with the substrates (47). Substitution of R84
with alanine causes no significant change in either dissociation or kinetic constant of the
reaction, resulting in only ~4 times decrease in the forward rate constant of the chemical
step. Substitution of W89 with alanine causes no significant change in ATP binding, a six

fold increase in the dissociation constant for HP ~6.5 times, and a ~20-fold decrease in
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the forward rate constant and a ~30-fold decrease in the reverse rate constant of the
chemical step. These results indicate that R84 is not important for HPPK function while
W89 plays a minor role in HP binding and a more significant role in catalysis.
Computational studies of HPPK conformational changes and dynamics have been
carried out. Keskin et al. used a coarse-grained model to study the molecular motions and
conformational changes of HPPK (48). Six domains of collective motions were identified
and two of those domains are loop 2 and loop 3, which exhibit the most concerted
motions upon ligand binding. Yang et al. used MD simulations to study the apo HPPK,
and HPPK-ATP binary complex based on the NMR structure (49). The local enhanced
sampling method was used to improve the loop sampling. The results show that the open-
conformation of loop 3 in the binary complex is accessible to the apo-enzyme and is the
favored conformation in solution phase. Su & Cukier used MD-based methods to study
the conformational exploration of the HPPK-ATP complex and the mechanism by which
HPPK traps and binds HP (50). Their results indicate that the conformational exploration
of HPPK in binding ATP spans from the apo to more ligand-bound-like conformations.
Thus, the mechanism of substrate binding is better described as selected fit, in which a
pre-existing substrate binding conformation is readily accessible, instead of induced fit.
They also use HERM (Hamiltonian Replica Exchange Method) MD simulation to study
both ECHPPK and Y. pestis HPPK (51). Their results show that the HP binding sites of

HPPKSs from these two species have different conformations. More importantly, this
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method can enlarge the sample space substantially with a small number of systems,
which makes it a good method for future computational studies on HPPK dynamics.

The focus of my thesis research is on the roles of protein dynamics in the catalysis by
HPPK. While EcHPPK has been extensively studied with respect to reaction kinetics,
structure, and structure-function relationships, the roles of protein dynamics in HPPK
catalysis are only explored by MD simulations as described above. A combined
experimental and computational approach is employed in my research. The dynamical
properties of HPPK at the different stages of the catalytic cycle are investigated by both
NMR relaxation and MD simulation studies. The dynamical properties are then correlated
with catalysis by mutagenesis and combined analyses of the mutant enzymes by

biochemical, NMR, and MD methods.
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Figure 1.1. Functional roles of protein conformational changes in enzymatic catalysis.
Top, free energy profiles of non-catalytic reaction and the corresponding enzymatic

reaction. Bottom, the conflicting structural requirements during enzymatic catalysis.
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Figure 1.2: Kinetic mechanism of HPPK. Mngr is omitted for simplicity.

22



Figure 1.3. Crystal structure of the apo HPPK (pdb ID: 1HKA). The a-helices are in
purple and the B-sheet is in yellow. This figure is prepared by the program VMD, version
1.8.6. For interpretation of the references to color in this and all other figures, the reader

is referred to the electronic version of this dissertation.
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Figure 1.4 (cont’d)
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Figure. 1.4. protein*HP (a) and proteinsMgAMPCPP (b) interactions. Ball-and-stick
model with open bonds represent protein residues and those with filled bonds represent
substrate molecules. Dotted lines represent electrostatic interactions. This figure is

modified from figures 5 and 6 of ref. 38.
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Apo-HPPK (1hka, 1.5 A)

HPPKsHPPP HPPK«MgAMPPCP
(1rb0,1.35/3V (1eq0, nmr)  HPPK+*MgAMPCPP
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Figure 1.5. HPPK reaction trajectory. The HPPK molecule is illustrated as a ribbon
diagram (arrows, B-strands; spirals, helices; tubes, loops), the ligands in the crystal
structures are drawn as stick models (substrates in red, products in blue), and the two
Mg2+ ions as spheres (in green). In parenthesis are the PDB accession codes and the
resolution of the structures (when applicable). The black arrows indicate the
conformational changes of HPPK during the catalytic cycle. This figure is from a review

manuscript by Yan and Ji (personal communication).
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Chapter 2
Dynamics of the Conformational Transitions in the
Assembling of the Michaelis Complex of a Bi-substrate

Enzyme: A >N Relaxation of Escherichia coli 6-
Hydroxymethyl-7,8-dihydropterin Pyrophosphokinase

The research presented in this chapter was published as the following manuscript:

Ewen Lescop, Zhenwei Lu, Qin Liu, Huimin Xu, Guangyu Li, Bin Xia, Honggao
Yan and Changwen Jin. Dynamics of the Conformational Transitions in the Assembling
of the Michaelis Complex of a Bi-substrate Enzyme: A 15N Relaxation Study of
Escherichia coli 6-Hydroxymethyl-7,8-dihydropterin Pyrophosphokinase, Biochemistry,
2009, 48 (2), pp 302-312. DOI: 10.1021/bi8016262

My contribution is the relaxation studies of HPPK substrate ternary complex.
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Dynamics of the Conformational Transitions in the Assembling of the Michaelis

Complex of a Bisubstrate Enzyme: A 15N Relaxation Study of Escherichia coli 6-

Hydroxymethyl-7,8-dihydropterin Pyrophosphokinase’

ABSTRACT

6-Hydroxymethyl-7,8-dihydropterin pyrophosphokinase (HPPK) catalyzes the
transfer of pyrophosphate from ATP to 6-hydroxymethyl-7,8-dihydropterin (HP), which
follows an ordered bi-bi kinetic mechanism with ATP binding to the enzyme first. HPPK
undergoes dramatic conformational changes during its catalytic cycle as revealed by X-
ray crystallography, and the conformational changes are essential for the enzymatic
catalysis as shown by site-directed mutagenesis and biochemical and crystallographic
analysis of the mutant enzymes. However, the dynamic properties of the enzyme have not
been measured experimentally. Here, we report the 15N NMR relaxation studies of the
dynamic properties of Escherichia coli HPPK from the ligand-free (apo) form to the
binary substrate complex with MgATP (represented by MgAMPCPP, an ATP analogue)
to the Michaelis complex (ternary substrate complex) with MgATP (represented by
MgAMPCPP) and HP (represented by 7,7-dimethyl-6-hydroxypterin, an HP analogue).
The results show that the binding of the nucleotide to HPPK does not cause major
changes in the dynamic properties of the enzyme. Whereas enzymes are often more rigid
when bound to the ligand or the substrate, the internal mobility of HPPK is not reduced

and is even moderately increased in the binary complex, particularly in the catalytic
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loops. The internal mobility of the catalytic loops is significantly quenched upon the
formation of the ternary complex, but some mobility remains. The enhanced motions in
the catalytic loops of the binary substrate complex may be required for the assembling of
the ternary complex. On the other hand, some degrees of mobility in the catalytic loops of
the ternary complex may be required for the optimal stabilization of the transition state,
which may need the instantaneous adjustment and alignment of the side-chain positions
of catalytic residues. Such dynamic behaviors may be characteristic of bisubstrate

enzymes.

Introduction

6-Hydroxymethyl-7,8-dihydropterin pyrophosphokinase (HPPK) catalyzes the
transfer of pyrophosphate from ATP to 6-hydroxymethyl-7,8-dihydropterin (HP, Figure
2.1a), leading to the biosynthesis of folate cofactors (1). Folate cofactors are essential for
life (2). Mammals have an active transport system for deriving folates from the diet. In
contrast, most microorganisms must synthesize folates de novo, because they lack the
active transport system. Therefore, like other enzymes in the folate biosynthetic pathway,
HPPK is an attractive target for developing antimicrobial agents.

Protein dynamics is thought to play an important role in enzymatic catalysis (3-7).
While the role of protein dynamics in the chemical step of bond cleavage and formation
is still controversial (8, 9), it is no doubt that protein dynamics plays an important role in

the physical steps of the assembling of the Michaelis complex and product release.
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Although structural studies have provided ample evidence for protein conformational
changes through a catalytic cycle, there are only a few systematic experimental studies of
the dynamic properties of enzymes through their catalytic cycles and their roles in the
conformational transitions that are required for enzymatic catalysis (see ref (4) for an
excellent recent review). Our understanding of the role of protein dynamics in enzymatic
catalysis lags far behind our knowledge of the structures and chemical mechanisms of
enzymes. With great progress in structural genomics and structure-function relationship
studies, elucidating the role of protein dynamics in enzymatic catalysis becomes one of
the greatest remaining challenges for biochemists and biophysicists. E. coli HPPK has
emerged as an excellent model for studying the role of protein dynamics in enzymatic
catalysis, because the enzyme is small (~18 kDa), stable, and amenable to both X-ray
crystallographic and NMR analysis. Atomic structures have been determined for nearly
every stage of the catalytic cycle, and protein dynamics has been shown to be important
for HPPK catalysis (10-24).

The HPPK-catalyzed reaction follows an ordered kinetic mechanism with ATP
binding to the enzyme first (15, 18). Comparative analysis of the crystal structures of apo
HPPK and its ternary complex has revealed that the complete active center of HPPK is
assembled only after both substrates bind to the enzyme (14, 21). The assembling of the
active center involves large conformational changes, particularly in the three catalytic

loops (Figure 2.1b). Of the three catalytic loops, loop 3 undergoes the most dramatic
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conformational changes. As expected, the loop moves in to close the active center upon
the formation of the ternary complex (14). However, the loop moves away from the
active center upon the binding of MgADP or an MgATP analogue (16). Recently, it has
been shown that loop 3 also moves away from the active center upon completion of
pyrophosphoryl transfer, to the same extent as upon the binding of MgADP or an
MgATP analogue (21). By site-directed mutagenesis, it has been shown that loop 3 is
required for the assembly of the full active center, plays an important role in the
stabilization of the ternary complex and the transition state of the reaction, and is
essential for catalysis (22, 23).

While the crystal and NMR structures have provided snapshots of the catalytic
cycle, the dynamic properties of HPPK at various stages of the catalytic cycle have to be
studied in order to fully understand the relationship between protein dynamics and
catalysis in HPPK. In the present work, we investigate the backbone dynamic properties
of E. coli HPPK by 15N relaxation measurements focusing on the assembling of the
Michaelis complex, i.e., from the apo enzyme to the binary substrate complex and then to
the ternary Michaelis complex. Model-free analysis of the 15N NMR relaxation data
together with the observation of weak or missing signals from loop 3 revealed that the
three catalytic loops are mobile on different timescales in the absence of ligand.
Surprisingly, the binding of the nucleotide to HPPK does not cause major changes in the

dynamic properties of the enzyme. Whereas enzymes are often more rigidified upon the
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binding of a substrate or a ligand, the internal mobility of HPPK is not reduced and is
even moderately increased in the binary complex, particularly in the catalytic loops. The
enhanced motions in the three loops may be required for the assembling of the ternary
substrate complex. The internal mobility of the catalytic loops is significantly reduced
upon formation of the ternary complex, but some mobility remains. Some degrees of
mobility in the catalytic loops of the ternary complex may be required for the optimal
stabilization of the transition state, which may need the instantaneous adjustment and
alignment of the side-chain positions of catalytic residues. Such dynamic behaviors may

be characteristic of bisubstrate enzymes.

Materials and Methods

Sample Preparation. The overexpression and protein purification protocol was
similar to that previously described (/3). Briefly, BL21(DE3) E. coli cells containing
pET17b-HPPK were grown in LB media. When ODg( reached 1.0, the cells were
collected and resuspended in M9 media containing 15NH4C1 and [13C6]-D-glucose as the
sole nitrogen and carbon sources, respectively, when necessary (25). Induction by 100
mg/L IPTG was started 1 h later and lasted 4 h. The cells were harvested by
centrifugation (6000 rpm, 20 min), washed with 20 ml buffer A (20 mM Tris-HCI, pH
8.0), and kept at -80 °C until use. The frozen bacterial paste was thawed at 42 °C and
sonicated on ice. Following the initial purification by ion-exchange chromatography,

fractions containing HPPK were concentrated to ~3 mL by an Amicon concentrator and
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then applied to a gel filtration column (Sephadex G-75) equilibrated with buffer B (20
mM sodium phosphate, pH 7.4). The column was developed with the same buffer. The
purified HPPK fractions were lyophilized. NMR samples were prepared by dissolving the
required amount of protein powder in buffer B made with 5% D>0/95% H,O. Great care
was taken to adjust and to keep the pH at 7.4 during NMR experiments. Five 15N-labeled
apo HPPK samples were prepared with the protein concentrations at 0.1, 0.25, 0.5, 1.0,
and 2.0 mM. One 15N/ 13C-labeled apo HPPK sample was prepared with the protein
concentration at ~0.5 mM for sequential resonance assignment. Two samples of the
binary complex of 15N-labeled HPPK and MgAMPCPP were prepared, one containing
0.5 mM HPPK, 5 mM AMPCPP, and 20 mM MgCl,, and the other containing 1.0 mM
HPPK, 10 mM AMPCPP, and 40 mM MgCl,. The dissociation constant of the
HPPKMgAMPCPP complex (K4 of 77 nM) suggests that, under this condition, the
protein is saturated with MgAMPCPP (/8). The ternary complex of HPPK was prepared
using AMPCPP, 7,7-dimethyl-6-hydroxypterin (DMHP, an HP analogue), 15N-labeled
HPPK, and Mg2+ as previously described (24). The NMR sample contained 0.5 mM

HPPK, 5 mM AMPCPP, ~2 mM DMHP, and 20 mM MgCl,.

Sequential Resonance Assignments. The backbone NMR assignment of the
HPPK protein was previously carried out in the apo state (12) and in complex with
MgAMPCPP (24). The backbone resonance assignment of the apo HPPK was further

extended at a lower concentration of protein (0.5 mM). HNCA and CBCA(CO)NH
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experiments (26) were acquired for the 15N/I?’C-Iabeled apo HPPK sample on a Bruker

Avance 800 MHz and a Bruker Avance 500 MHz spectrometer equipped with a
cryoprobe. The NMR data were processed with NMRPipe (27) and analyzed with
NMRView (28).

15N Relaxation Measurements. 15N relaxation experiments were carried out at 25

°C on a Bruker Avance 600 MHz spectrometer for the apo HPPK and the binary complex

HPPK*MgAMPCPP and on a Varian INOVA 600 MHz spectrometer for the ternary

complex HPPK-MgAMPCPP*DMHP. Standard pulse sequences were used to obtain the
- . 1 15

longitudinal and transverse relaxation rates R1, Ro, as well as { H}-" "N heteronuclear

NOEs (29). The decays of the 15N longitudinal and transverse magnetizations for the apo

HPPK and the binary complex were sampled by typically 9 (10, 100, 300, 500, 800,
1200, 1500, and 2000 ms in random order) and 10 points (6, 14, 42, 62, 70, 82, 102, 122,
142, and 162 ms in random order), respectively. The first points of both experiments
were duplicated at the end of the experiments to verify the stability of the sample and to
estimate the intensity error. The time points were 11, 44, 167, 389, 666, 944, 110, 1443,
and 1998 ms for the R1 measurement of the ternary complex and 17, 35, 52, 70, 87, 104,
122 and 139 ms for the R, measurement of the ternary complex. The third points of both
experiments were repeated for error estimation. The delay t¢p between 15N inversion
pulses in the CPMG module in Ro experiments was set to 1 ms. A recycle delay of 2.5 s

was used for both Rq and Ry experiments. The residue-specific {1H}-15N heteronuclear
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NOE was measured by dividing the peak intensity in two 2D spectra recorded with and
without a 3-s proton pre-saturation achieved by 120°1H pulses following a 5-s delay
(30). The experiments were duplicated at each protein concentration to estimate the
uncertainty. All the 2D spectra were recorded with 1024 complex data points and 128
complex increments for the apo HPPK and the binary complex and with 1994 complex
data points and 100 complex increments for the ternary complex. The number of
transients was 16 for all relaxation experiments except the {1H}-15N heteronuclear NOE
experiment of the ternary complex, which was 64. The spectral widths were set to 8389
and 1460 Hz for the apo HPPK, 8389 and 1581 Hz for the binary complex, and 9000 and
1720 Hz for the ternary complex in the direct 1H and the indirect 15N dimensions,
respectively.

The relaxation data were processed with NMRPipe (27) and analyzed with
NMRView (28). For the relaxation data of the apo HPPK, a Lorenz-to-Gauss window
function was applied in both dimensions and for those of the binary complex, a cosine-
bell window function was applied. A forward-and-backward linear prediction and zero
filling were typically used to extend the indirect dimension by a factor of 2. The peak
intensities of the relaxation rate measurements were extracted using the
NvRatePrintHeight subroutine of NMRView (28). Intensities below the noise level were
typically removed and the exponential decay curves were fitted to a two-parameter

exponential equation using an in-house modified version of RELAXFIT (31). The
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uncertainties on the relaxation rates were estimated by 500 Monte-Carlo simulations. The
HetNOE subroutine of NMRView was used to calculate the heteronuclear NOEs. The
final values were extracted from the duplicates.

Rotational diffusion and model-free analysis. Rotation diffusion was analyzed
using the Ro/R1 values of well-ordered regions of the structure deemed free of either fast
internal motion or chemical exchange. Hydrogen atoms were added to the crystal
structure (PDB code 1HKA) of the apo HPPK (10) by using MOLMOL (32). The mean
structures of the NMR ensembles of the binary complex HPPK*MgAMPCPP (PDB code
2F65) (24) and the ternary complex HPPK*MgAMPCPP*DMHP (PDB code 2F63) (24)
were taken as the representative structures of the complexes. The optimization of the
rotational diffusion tensor against the experimental data were achieved by using ROTFIT
(33) and TENSOR2 (34). HYDRONMR (35) was used to predict the rotational diffusion
tensors of the three forms of HPPK based on their structures.

The microdynamic parameters under the Lipari-Szabo formalism (36-38) were
extracted using the TENSOR2 program (34). Briefly, the 15N relaxation data were

interpreted in terms of motion of the N-H bond. Five models of increasing complexity

were tested including model 1 (Sz), model 2 (S2, Te), model 3 (Sz, Rex), model 4 (Sz, Te,

Rex), and model 5 (Sz, Te, S% ), where S2 is the squared order parameter, te a correlation

time describing the internal motion (ps to ns timescale), assumed to be independent of the

overall tumbling, S% is a second squared order parameter describing the fast internal
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motion on the ps to ns timescale, Rey is the chemical exchange contribution to Ry. The F-

test statistics was then used to select the model that satisfies the data with the lowest
number of parameters. Standard errors in the model-free parameters were evaluated by

100 Monte Carlo simulations.

Results

Extension of Backbone Resonance Assignments of the Apo HPPK. HPPK
consists of 158 amino acid residues, 12 of which are prolines. The sequential resonance

assignment of the apo HPPK has been previously achieved at 1.5 mM protein

concentration (12). Several residues could not be assigned due to missing 1H/15N Cross-
peaks in the 1H-15N HSQC spectra of apo HPPK under these conditions. Additional lH-
15N HSQC spectra were collected at lower concentrations (0.1, 0.25, 0.5, 1 mM).
Overall, the 1H-15N HSQC cross-peaks were sharpened with decreasing the protein
concentration. Several additional cross-peaks could be observed at 0.5 mM that were
absent at 1 mM concentration, and concomitantly, 10 cross-peaks showed small chemical
shift variations (|A1H| max< 0.04 ppm and |A15N | max< 0.5 ppm). Below 0.5 mM protein
concentration, the spectra were exactly superimposable. Two triple resonance

experiments (HNCA and CBCACONH) were acquired on a 0.5 mM 13C/15N -labeled

apo HPPK sample to extend the backbone resonance assignment. Seven additional
residues could be assigned (Figure 2.2): E77, L78, Q79, and Q80 in the C-terminal

extremity of helix a2, D95 and L96 in strand 34, and E109 at the turn of the B-hairpin
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5-p6. About 10 weak 1H-15N correlation peaks in the 15N HSQC could not be

unambiguously assigned. They likely correspond to residues Q48 in loop 2, R82, V83,
A86, W89, G90, R92 and T93 in loop 3 and Y116 between strand 6 and helix a3, which
remain unassigned.

15N Relaxation Data and Indications of Weak Self-Association of the Apo

HPPK. Initial NMR studies indicated that the 15N relaxation parameters of the apo

HPPK were protein concentration dependent, which is usually indicative of self-
association. To ascertain the effects of the self-association on the relaxation parameters,
we collected the residue-specific 15N R1, Ro and {1H}-15N heteronuclear NOE data of
apo HPPK at four protein concentrations: 0.1, 0.5, 1, and 2 mM. Because of peak
overlaps, unassigned residues, and weak signals leading to decay curves of poor quality,
15N relaxation data could be obtained for 118, 118, 112, and 104 residues out of the 146
non-proline residues for 0.1, 0.5, 1, and 2 mM samples, respectively. Fewer data were
obtained at high concentrations, because of line broadening and peak disappearance.
Figure 2.3 shows the distribution of these data as well as the Ro/R1 ratio versus the amino
acid sequence at the four concentrations. The mean Rq values were 1.12 + 0.06, 1.14 +
0.06, 1.06 + 0.05, and 0.76 + 0.06 s'l at 0.1, 0.5, 1, and 2 mM, respectively, and the
corresponding mean R» values were 13.15 + 1.82, 14.32 + 2.38, 16.24 + 2.90, and 26.30

-1 N
+4.21s . The mean Ry value decreased significantly whereas the mean R» value
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increased significantly at 1 and 2 mM HPPK compared with the values at 0.1 and 0.5
mM, suggesting a significant self-association at higher concentrations.

On the individual residue basis, all the secondary structure elements had R1, Ro,
and NOE values near the mean values at each concentration, except the C-terminal
extremity of the helix a2 (residues R75 to Q80) and the N-terminal extremity of strand
4 (residues L94 and D97), both of which are linked to loop 3 and had higher R» values.
Loop 1 also contained higher than average R» values. In contrast, residues in loops-2 and

-3 have a lower than average Ro together with low NOE values. The NOE values at

different concentrations were quite similar, except some variations in loops 1, 2 and 3,
indicating that protein concentration does not have significant effects on the internal
motions of the protein on the ps to ns timescale.

The average Ry/ Rq values were used to obtain the estimate of the isotropic
correlation times (1) of the protein. At 0.1 mM, the uncertainties in the relaxation data

were relatively high so that the isotropic diffusion model (t¢ = 10.48 + 0.25 ns) was

statistically sufficient to describe the rotational diffusion properties of HPPK. At 0.5, 1,
and 2 mM concentrations, the rotational diffusion of HPPK was estimated to be fully
anisotropic. The ratios of the estimated principal components were quite similar at each
concentration (1:0.83:0.76, 1:0.79:0.73, and 1:0.81:0.75, at 0.5, 1, and 2 mM,

respectively) and the corresponding ¢ values were 10.87 + 0.31, 12.28 £0.42, and 19.30

+0.71 ns. The rotational diffusion tensors at 0.1 and 0.5 mM concentrations were in
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excellent agreement with that predicted by HYDRONMR (35) on the crystal structure of
the monomeric form of the apo HPPK (PDB code 1HKA, ratios of the principal
components of 1:0.80:0.70 and average correlation time of 10.22 ns). The significant
increases in t¢ at 1 and 2 mM are likely due to the self-association of HPPK at high
concentrations.

The changes of 1H and 15N chemical shifts and peak intensity in the 1H-15N
HSQC spectra of HPPK were also monitored at five concentrations: 0.1, 0.25, 0.5, 1, and
2 mM. The chemical shifts changes were not significant in the 0.1 - 0.5 mM
concentration range whereas the chemical shifts of quite a few residues were found to
vary at protein concentrations higher than 1 mM. The changes were relatively small for
most of these residues, however. Attempts were made to determine the Ky value for the
self-association from the cross-peaks with the largest chemical shift changes. However,
as the lH and 15N chemical shifts changed in a linear fashion with the protein

concentration (not shown), it was not possible to estimate the Ky value for the self-

association. These results nevertheless indicated that the self-association of HPPK is
weak in the studied concentration range.

Taken together, the results of the relaxation, rotational diffusion tensors and
chemical shift analysis over the four studied samples suggested that the apo HPPK is
prone to self-associate in the millimolar range concentration. However, the self-

association of the apo HPPK is insignificant at 0.1 and 0.5 mM protein concentrations.
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15N Relaxation Data Analysis of the Binary Complex HPPK*MgAMPCPP.

MgAMPCPP was used as an analogue for the substrate MgATP, as HPPK had a low
level of ATPase activity. MgAMPCPP is an excellent MgATP analogue for HPPK with
respect to both structure (14) and binding affinity (18). Binding of MgAMPCPP caused
significant changes in the 1H-15N HSQC spectrum (Figure 2.2). All expected backbone
resonances were previously assigned at 1.6 mM protein concentration, except those of
residues T1, S13, E16, R82, W89, G90, and L94, which were missing (24). Several
residues in loops-2 and -3 showed two or more sets of cross-peaks, including L45-Q50 in
loop 2 and A86-E87 in loop 3 (24). Additional 1H-15N HSQC spectra were acquired at
both 0.5 MM and 1 mM concentrations of the HPPK*MgAMPCPP complex. No
significant change in chemical shifts was observed. For the relaxation study, we extracted
the relaxation data for the most populated isomer. 15N R1, Ro and {1H}-15N
heteronuclear NOEs were measured for 130 and 129 residues at the 0.5 and 1 mM
concentrations of the complex, respectively. The results are shown in Figure 2.4. At 0.5
mM, the mean Rq and Ry were 1.29 + 0.20 and 12.64 + 3.50 s'l, respectively, and the
corresponding values at 1 mM were 1.16 + 0.10 and 14.83 + 4.60 s'l. Similar to the apo
protein, a small increase in Ro was accompanied by a decrease in Rq, suggesting that the
binding of MgAMPCPP does not completely prevent the weak self-association of HPPK,
as the derived 7 values slightly increased between 0.5 mM (9.26 £ 0.30 ns) and 1 mM

(10.25 £ 0.20 ns) concentrations. However, these 1. values were shorter than the . value
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predicted by HYDRONMR (10.42 ns) on the basis of the mean structure of the
HPPK*MgAMPCPP complex, suggesting that the monomeric form of the complex is
highly predominant at both concentrations. The Ry/ Rq-derived anisotropic rotational
diffusion model at 0.5 mM complex concentration had ratios of the principal components
of 1:0.95:0.78, similar to those predicted based on the mean NMR structure of the
HPPK*MgAMPCPP complex (1:0.89:0.81). Taken together, both the chemical shift and
the rotational diffusion tensor data indicated that the self-association of HPPK is
weakened upon the binding of MgAMPCPP and that the self-association can be regarded
as insignificant for the HPPK*MgAMPCPP complex at 0.5 mM concentration.

15N Relaxation Data Analysis of the Ternary Complex
HPPK-MgAMPCPPDMHP. Except for the first residue, sequential resonance
assignment has been made for all residues, including those from the three catalytic loop
region (24). 15N relaxation data could be obtained for 135 residues (Figure 2.5), 5 more
residues than the binary complex. The mean Rq and Ry were 1.32 + 0.06 and 11.51 +0.94
s'l, respectively. While the mean Rq was similar to that of the binary complex, the mean
R, of the ternary complex was significantly smaller, with a much smaller standard
deviation as well. The uniformity of the Ry values was consistent with the uniformity of
the intensities of the lH-15N HSQC cross-peaks of the ternary complex, indicating that
the protein is rigidified upon the formation of the ternary complex. The t; value of the

ternary complex was estimated to be 8.88 + 0.01 ns based on the average R,/ Rq ratio,
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shorter than the t; value predicted by HYDRONMR (10.42 ns) based on the mean

structure of the ternary complex. The R, data and the correlation times indicated that the

ternary complex has a more compact structure than the apo HPPK and the binary
complex. The ratios of the estimated principle components were 1:0.87:0.89, similar to
those calculated using the mean NMR structure of the ternary complex (1:0.86:0.92).
Model-Free Analysis of the Three Forms of HPPK. The microdynamic
parameters of the apo HPPK were extracted in the model-free framework (36-38). HPPK
is in rather low abundance in vivo and therefore most likely functions in a monomeric
form (39-41). Therefore, our analysis was performed on the relaxation data obtained at
0.5 mM protein concentration, because the data acquired at this concentration had
excellent quality and the self-association of the protein was insignificant. The model-free
parameters S2 , Te, and Rgy could be extracted for 118 residues and are presented in
Figures 2.6 and 2.8. The mean S2 was 0.88 £0.08. All residues in the secondary
structure, except T35 in the distorted strand 32, had 52 values higher than 0.8, indicating
that the secondary structure elements are rigid. The four helices were slightly more rigid
than the central B-sheet with mean 52 values of 0.92 and 0.86 respectively. In addition to

T35, the following residues had significantly lower S2 values than the mean: L45, G46,

Q50, R85, N103, V105, R110, F139, F152, L155, and N156. Residues L45, G46, and
Q50 are located in loop 2 (Figure 2.1); R85 is located in loop 3; N103, V105, R110, and

D139 are located in short turns; and F152, L155, and N156 in the C-terminal region.
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Twelve residues required the introduction of a significant Rgy term (higher than 2 s'l) for

the model-free analysis: S9, L11, A12, Q17, F39, T42, L78-Q80, N103, R121, and F123.
Residues S9, L11, and A12 are located in loop 1; Q17 is located in the N-terminal region
of helix a2 connected to loop 1; F39 is in the C-terminal region of the distorted strand 32
connected to loop 2; T42 is in loop 2; L78-Q80 are in the C-terminal region of helix a2
connected to loop 3; R121 is in the loop connected to helix a3; and F123 is in the N-
terminal region of helix a3.

The microdynamic parameters of the binary complex HPPK*MgAMPCPP are
also summarized in Figures 2.6, 2.7, and 2.8 for comparison with those of both the apo
HPPK and the ternary complex. The mean S2 was 0.84 £0.07, similar to that of the apo

HPPK. Significant chemical exchange (higher than 1.5 s'l) was introduced for 17

residues: G8, S9, L11, Al12, L15, and Q17 around loop 1; T42, D49, and L54 around loop
2; E77,L78, Q79, E87, R92, T93, and L96 around loop 3; and N103 in loop B4-B5. The
dynamic properties of the HPPK-MgAMPCPP complex are similar to those of the apo
enzyme with some regions becoming even more mobile upon the binding of the
nucleotide.

The microdynamic parameters of the ternary complex
HPPK*MgAMPCPP*DMHP are summarized in Figures 2.7 and 2.8. The mean value for

S2 was 0.88 £0.04, similar to those of the apo HPPK and the binary complex. However,

only five residues were below two standard deviations of the mean value: Q48, A86,
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A151, F152, and D153. Q48 and A86 are located in loops-2 and 3, respectively, and

resides 151-153 in the C-terminal region. Only four residues required a significant Rey

term (higher than 1.5 Hz) for the model-free analysis: D49, V83, K85, and R92; the Rex

values were significantly smaller than those of the binary complex. Residue 49 is located
in loop 2 and residues 83, 85, and 92 are located in loop 3. The results indicated that the
C-terminal region is mobile as in the apo HPPK and the binary complex; the catalytic
loops are significantly rigidified upon the formation of the ternary complex. However,
loops-2 and -3 retain some degrees of mobility.

In general, several physical phenomena are prone to give rise to chemical
exchange. In the case of HPPK, self-association represents a potential source of chemical
exchange. Although the results from model-free analysis are known to be affected when
self-association is severe (42), we estimated the chemical exchange Rey from the data
obtained on HPPK in the apo form at all concentrations (data not shown). We did not
observe any significant systematic trend in Rgy over the four concentrations that could be
associated with self-association (as discussed in ref (43)). As a consequence, the
contribution of self-association to the chemical exchange was judged to be insignificant.
In addition, the fast exchange between the apo and the bound states of the protein can
also induce chemical exchange, if the chemical shifts of a given spin differ significantly
in the two states. In such a situation, the chemical exchange can be estimated to be

proportional to the product of the two populations in exchange (44). Given the
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dissociation constant of the binary complex (77 nM) (18) and the high concentration of
AMPCPP, the contribution of the dissociation of the binary complex to the chemical
exchange was judged to be insignificant. Taken together, we conclude that the chemical
exchanges observed in both the apo and the nucleotide-bound states were mainly
associated with the intrinsic internal mobility of the monomeric forms of the apo HPPK

and of the binary complex.

Discussion

HPPK undergoes dramatic conformational changes during its catalytic cycle and
the conformational changes play important roles in HPPK catalysis (Figure 2.1b) (10-12,
14, 16, 21-24). In order to fully understand the roles of conformational dynamics in
HPPK catalysis, we carried out the first direct experimental measurement of backbone
dynamics of HPPK by NMR, focusing on the formation of the Michaelis complex. Our
analysis was, however, complicated by the weak self-association of HPPK at high
concentrations. Therefore, we made 15N relaxation measurements at four protein
concentrations for the apo HPPK and at two concentrations for the binary complex
HPPK+MgAMPCPP. Based on the chemical shifts, relaxation parameters, and correlation
time analysis, we concluded that self-association is insignificant for the apo HPPK and
for the binary complex HPPK*MgAMPCPP at 0.5 mM protein concentration. Therefore,
we focused our analysis on the relaxation data acquired at this concentration on both

states of HPPK using the model-free formalism (36-38).
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In the model-free framework, the squared-order parameter S2 reflects the
amplitude of internal motions on the ps to ns timescale, the internal correlation time te

gives an estimation of the timescale for these motions, and Rey reflects conformational

exchange on the ps to ms timescale. Overall, the core structure of the enzyme remains
highly rigid on the ps to ns and us to ms timescales in all three forms. This region
includes one half of the cleft forming the active site, which contains the residues in
strands 4, 5, and 6 that are in contact with the nucleotide and was previously referred
as the rigid wall (10). This observation is consistent with the published structures, which
indicate that the core structure of HPPK region is mostly structurally invariant (with very
small backbone rms deviations) with respect to ligand binding or mutations (10-12, 14,
16, 21-24). We also notice that the C-terminal region of the protein is flexible on the ps to
ns timescale in all three forms, in consistence with elevated rms deviations of this region
when the structures of the various forms of the wild-type and mutant HPPKSs are
superimposed. Since the C-terminal extremity is in contact with strand 2, near the HP
substrate binding site, mobility in this region may be required for the fine adjustment of
the local conformation of the HP-binding site during the catalytic reaction. Because the
major conformational changes during the catalytic cycle are localized in the three
catalytic loops, we will focus our discussion on the dynamic properties of these loops and
their changes in the conformational transitions from the apo HPPK to binary substrate

complex to the Michaelis complex.
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Based on the S2 values, loop 1 of the apo HPPK is rigid on the ps to ns timescale
(Figures 2.6a and 2.8). Its mean S2 value is 0.90 +0.06, comparable to those of the four

helices and the central B-sheet, which have mean S2 values of 0.92 and 0.86, respectively.

On the other hand, the model-free analysis of the relaxation data introduced a chemical
exchange term for three residues of this short loop (S9, L11, and A12) (Figures 2.6¢ and
2.8), suggesting that loop 1 undergoes conformational exchange on the pus to ms
timescale. The crystal structure of the apo HPPK reveals two conformations for this loop
with moderate B-factor values (Figure 2.1b) (10). The dynamic properties of loop 1
determined in this NMR work therefore suggest that the two conformations are likely in
exchange on the ps to ms timescale. Upon the binding of the nucleotide, loop 1
undergoes conformational exchange on the ps to ms timescale to a similar extent to that
of the apo HPPK. Nevertheless, loop 1 becomes significantly more mobile on the ps to ns
timescale. Indeed, the mean 52 value of the loop is 0.71 for the binary complex and 0.90
for the apo HPPK.

The model-free parameters indicate that loop 2 is significantly mobile on the ps to
ns timescale in the apo HPPK, with a mean S2 value of 0.62 +0.20 (Figure 2.6a and 2.8).
Due to the presence of four proline residues (P43, P44, P47, and P51), missing or
overlapping cross-peaks, the dynamic properties of only four residues of loop 2 (P43-
D52) were accessible. The S2 values of L45, G46, and Q50 are 0.72, 0.36, and 0.59,

respectively, and that of D52 (0.82) is close to the average S2 value of the enzyme (0.88).
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The 52 values of the loop residues vary greatly with the middle region (around G46)
having the lowest 52 values. It is also noticed that the two residues that delimit the loop
are rigid on the ps to ns timescale with S2 values of 0.93 and 0.98 for T42 and Q53,
respectively. Surprisingly, although two residues (F39 and T42) in the twisted strand 32
that precedes loop 2 required an Rey term for the Model-free analysis, none of the loop 2

residues required an Rgy term (Figure 2.6¢ and 2.8), suggesting that loop 2 does not

undergo significant conformational exchange on the us to ms timescale.

Upon the binding of MgGAMPCPP, loop 2 remains highly flexible on the ps to ns
timescale with an only minor increase in S2 compared with the apo protein. In contrast to
the apo HPPK, mobility on slow timescales (slower than the us timescale) could be
observed in loop 2 in the complex. Indeed, significant chemical exchange was detected in
loop 2 (for residue D49, Rex 0f 6.1 £ 1.5 s'l), and the existence of (at least) two sets of
cross-peaks for many consecutive residues in loop 2 (24) may suggest that this loop also
undergoes conformational isomerization at an even slower exchange rate (at the NMR
timescale). Furthermore, the intensity ratios of the major and the minor peaks are
significantly different for some residues, suggesting that loop 2 may assume multiple
conformations. It is possible that the slow conformational exchanges are due to a cis-
trans isomerization of the four proline residues (P43, P44, P47, and P51), but no NMR
indication for a cis configuration was observed for any of the four proline residues and all

are in a trans configuration in the NMR and crystal structures. The mobility of loop 2 in
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the HPPK*-MgAMPCPP complex is consistent with the structures of HPPK in complex
with nucleotides. Indeed, the backbone rms deviation of loop 2 in the NMR structure of
the HPPK*-MgAMPCPP complex is significantly higher than other regions of the protein
(24) (Figure 2.6e). The increased mobility of loop 2 is further supported by the loss of
electron density for a significant part of the loop (residues 44-48) upon binding of
MgADP (16).

The dynamic properties could be directly obtained only for two residues in loop 3
for the apo HPPK. This is mainly due to the weakness or absence of NMR signals for the
NH groups of residues R82, V83, A86, W89, G90, and R92, which clearly indicates that
loop 3 is flexible and undergoes conformational exchange at an intermediate rate (at the
chemical shift timescale). In addition, conformational exchange occurring on the us to ms
timescale was detected for several residues at the extremity of helix o2 linked to loop 3
(Figure 2.8). Similar to the apo HPPK, the weak intensity of most cross-peaks
corresponding to residues in loop 3 precluded the accurate measurements of the
relaxation parameters in loop 3 in the HPPK*MgAMPCPP complex. This indicates that
loop 3 remains highly mobile on the intermediate timescale upon the binding of the
nucleotide. The existence of internal mobility of loop 3 is also enforced by the presence
of chemical exchange on the ps to ms timescale for residues at the bottom of the loop and

for E87 in the middle of the loop (Figures 2.6¢ and 2.8), and by the multiple chemical
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shifts observed for A86 and E87, suggesting that like loop 2, loop 3 also undergoes
conformational exchange on an even slower timescale.

In summary, the binding of the nucleotide does not quench the internal motions of
HPPK on the ps to ns, pus to ms, and ms to second timescales, as evidenced by the S2 and

Rex values, weak and missing cross-peaks, and multiple cross-peaks with different

intensity ratios. The mobilities of the three catalytic loops remain the same or are even
enhanced upon the binding of the nucleotide. The result is consistent with the
biochemical data indicating that the entropy of binding is in favor of the formation of the
HPPK+*MgATP complex (13). It is also consistent with the structural data revealing that
the catalytic loops of the enzyme can assume different conformations upon the binding of
a nucleotide (16, 24).

The motions of the three catalytic loops are significantly quenched upon the
formation of the ternary complex (Figures 2.7 and 2.8). Loop 1 is represented by S9, L11,
and A12. Although the S2 values of S9 in the binary and the ternary complexes (0.83 and
0.88, respectively) are similar, S9 has a significant Rey term (4.3) in the binary complex
but not in the ternary complex. The 52 values of L11 and A12 increase significantly from
the binary complex (0.71 and 0.72, respectively) to the ternary complex (0.88 and 0.87,
respectively), and meanwhile, both residues have a significant Rgy term (5.5 and 17.6,

respectively) in the binary complex but not in the ternary complex. For loop 2, T42, L45,

G46, and Q48 have significantly higher 52 values in the ternary complex (0.86, 0.89,
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0.85, and 0.76, respectively) than in the binary complex (0.66, 0.77, 0.52, and 0.64,
respectively). Other residues have similar 5'2 values in the two states. Two residues have
a significant Rgy term (5.6 for T42 and 6.1 for D49) in the binary complex, whereas only

one residue (D49) has a significant Rey term (4.8 s'l). For loop 3, relaxation data could

be obtained for only three out of ten non-proline residues in the binary complex, because
of weak or missing cross-peaks, but for all non-proline residues in the ternary complex.
Of the three residues measured for both complexes, the S2 value of R92 increases
significantly from the binary complex (0.71) to the ternary complex (0.89), whereas those
of the other two residues (R84 and E87) are similar between the two complexes. E87 and
R92 in the binary complex have Rgy values of 14.7 and 3.3 s'l, respectively, whereas

only R92 has a significant Rey term of 2.0 s'1 in the ternary complex.

While the motions of the three catalytic loops are significantly quenched upon the
formation of the ternary complex, the two large loops that are directly involved in the
binding of the substrates retain some degrees of mobility. The 52 values of Q48 in loop 2
(0.76) and A86 in loop 3 (0.59) are lower than the mean value by more than two standard
deviations. Furthermore, D49 in loop 2 and V83, K85, and R92 in loop 3 have a
significant Rgy term, ranging from 2.0 to 4.8 s'l.

The dynamic properties of HPPK may be characteristic of bisubstrate enzymes.
The hallmarks of enzymatic catalysis are the formation of enzyme-substrate(s) complexes

and the maximization of transition state stabilization, which have conflicting structural
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requirements. The formation of an enzyme-substrate complex requires an open active
center so that the substrate(s) can get in. On the other hand, the maximization of
transition state stabilization requires a closed active center that maximizes the favorable
interactions between the enzyme and the transition state. The conflicting structural
requirements can be resolved by a flexible active center that can sample both open and
closed conformational states. For a bisubstrate enzyme like HPPK, the Michaelis
complex consists of two substrates in addition to the enzyme. The enzyme must remain
flexible upon the binding of the first substrate so that the second substrate can get into the
active center. The active center is fully assembled and stabilized only when both
substrates bind to the enzyme. However, the side-chain positions of the catalytic residues
in the Michaelis complex are still not optimally aligned for the stabilization of the
transition state, which lasts only approximately 10'13 s. The instantaneous and optimal
alignment of catalytic groups for the transition state stabilization requires a dynamic
enzyme, not an enzyme which undergoes a large scale of movements but an enzyme
which permits at least a small scale of adjustment of catalytic group positions. The
dynamic properties of the three forms of HPPK as determined by the 15N relaxation
measurements are consistent with the conformational transitions for a bisubstrate enzyme

from the apo form to the binary substrate complex and the ternary Michaelis complex.
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Figure 2.1
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Figure 2.1 (cont’d)

Figure 2.1. The HPPK-catalyzed reaction (a) and a ribbon diagram of the crystal
structures of HPPK showing the conformational changes of the three catalytic loops
during several stages of its catalytic cycle (b). The apo enzyme (PDB code 1HKA) is in
green, the ternary substrate complex (PDB code 1QON) with HP, AMPCPP (a substrate
ATP analogue), and Mg2+ in blue, the ternary product complex (PDB code 1RAO) with
HPPP and AMP in orange, and the binary product complex (PDB code 1RB0) with HPPP
in magenta. Loop 1 of the apo enzyme has two conformations. AMPCPP, HP, and two

+, . . . .
Mg2 ions are drawn to illustrate the location of the active center. Panel b was made with

PyMOL (45).
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Figure 2.2. The lH-15N HSQC spectra of HPPK in apo-state (black) and in complex
with MgAMPCPP (red). The spectra were acquired on a Bruker 600 MHz spectrometer at
25 T and 0.5 mM protein concentration. The most shifted cross-peaks upon
MgAMPCPP complexation are labeled according to their corresponding residue number
in the sequence and the arrow joins the cross-peaks in apo- and bound states. In addition,

newly assigned cross-peaks of the apo HPPK are labeled with a star.
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Figure 2.3. 15N relaxation parameters obtained for the apo HPPK at 25 T at four

concentrations: 0.1 mM (red), 0.5 mM (blue), 1 mM (green) and 2 mM (magenta). For

clarity, the estimated uncertainties are not represented at 0.1 and 1 mM concentrations.

The secondary structure of the apo protein is represented at the top of the figure. (a) Rq

relaxation rates; (b) R, relaxation rates; (c) {1H }-15N NOE values; and (d) Ro/R1 ratio.
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Figure 2.4. 15N relaxation parameters obtained for the binary complex
HPPK*MgAMPCPP at 25 <T at two concentrations: 0.5 mM (blue) and 1 mM (red). The
secondary structure is represented at the top of the figure. (a) R1 relaxation rates; (b) Ry

relaxation rates; (c) {1H}-15N NOE values; and (d) Ro/R1 ratio.
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Figure 2.5. 15N relaxation parameters obtained for the ternary complex

HPPK*MgAMPCPP-DMHP at 25 <T. The secondary structure is represented at the top

of the figure. (a) R1 relaxation rates; (b) Ro relaxation rates; (c) {1H}-15N NOE values;

and (d) Ro/R ratio.
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Figure 2.6. Comparison of the model-free parameters versus residue number between the
apo HPPK (red) and the binary complex with MgAMPCPP (blue) at 0.5 mM protein

concentration. The secondary structure is represented at the top of the figure. (a) Squared

order parameter S2 ; (b) correlation time (t¢) of internal motion; (c) chemical exchange
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Figure 2.6 (cont’d)
contribution Rey; (d) Ca atom B-factors of the crystal structure of the apo HPPK (in red);

and (e) backbone rms deviations of the NMR structure of the binary complex with

MgAMPCPP (in blue).
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Figure 2.7. Comparison of the model-free parameters versus residue number between the
binary complex HPPK*MgAMPCPP (blue) and the ternary complex
HPPKMgAMPCPP-DMHP (black) at 0.5 mM protein concentration. The secondary
structure is represented at the top of the figure. (a) Squared order parameter S2 ; (b)

correlation time (tg) of internal motion; (c) chemical exchange contribution Rey; and (d)

backbone rms deviations.
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Figure 2.8

Binary Complex Apo HPPK

Ternary Complex
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Figure 2.8 (cont'd)
Figure 2.8. Mapping of the dynamic parameters 52 (left panel) and Rey (right panel) to

the structures of the apo HPPK (top), the binary complex (HPPK-MgAMPCPP, middle),
and the ternary complex (HPPK*MgAMPCPP+DMHP, bottom). The S2 values are scaled

by a color gradient with the smallest value in red and the largest value in blue. The Rgy

values are scaled by a color gradient with the smallest value in cyan and the largest value

in red, and residues without an Rgy term are colored in blue. Residues without the

measured dynamic parameters, i.e., 12 proline residues and other residues with missing or

overlapping NH cross-peaks, are in grey. The figure was made with PyMOL (45).
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CHAPTER 3
Nuclear Magnetic Resonance and Molecular Dynamics
Studies of the N10A and Q50A HPPK
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Introduction

Structural studies of E. coli HPPK show that it goes through dramatic
conformational changes in three loops during its catalytic cycle (Figures 1.6 and 3.1) (1-
3). Several lines of evidence indicate that the conformational changes in HPPK are
important for its catalysis. First, kinetic studies have shown that the product release is the
rate-limiting step in HPPK-catalyzed reaction (4). For the product to be released, loops 2
and 3 must move away to unseal the active center (5). Second, the conformational
changes are necessary to bring catalytic residues R82 and R92 into the active center for
catalysis (5, 6). Third, the essential roles of loop 3 in catalysis are further supported by a
study of the loop 3 deletion mutation (7). Compared with the WT HPPK, the mutant
enzyme has a 100-fold higher Ky for HP. The rate-limiting step shifts to the chemical step

and the rate constant for the chemical step decreases by a factor of 1.1><105. The crystal

structure of the mutant enzyme shows that the catalytic center is not fully assembled and
sealed. Fourth, site-directed mutagenesis, biochemical and X-ray crystallographic studies
have shown that the critical functional role of loop 3 is not due to the interactions of R84
or W89 with the substrates (8). In sum, these results indicate that the loops rather than
individual residues play important functional roles.

The three flexible loops are coupled together in the HPPK substrate ternary
complex through a hydrogen bond network (2). As shown in Figure 3.2, this network

includes N10 in loop 1, Q50 and P47 in loop 2, and W89, P91 and R92 in loop 3. Central
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to the hydrogen bond network are N10 and Q50, whose side-chain amides are involved in
6 of the 7 hydrogen bonds. This network is not present in the ligand-free (apo) HPPK.
Structural studies show that the active center of HPPK is assembled and sealed by the
coupling of the three loops via the hydrogen bond network upon the binding of both
substrates.

To determine the roles of the hydrogen bond network in the assembly of the
active center and catalysis, N10 and Q50 have been replaced with alanine individually.
Kinetic studies of the Q50A and N10A HPPK mutant enzymes have been completed and
the results are listed in Table 3.1. The binding affinity does not change significantly for
the first substrate, ATP, with K increased 1.4 fold over WT for the N10A HPPK and 1.5

fold for Q50A HPPK. The Ky for the second substrate, HP, increased 12 fold and 230

fold for the Q50A and N10A HPPK, respectively. The binding studies of WT HPPK have
shown that it has very weak binding affinity towards HP without MgATP binding first,
indicating certain conformational changes are required for efficient HP binding. The
equilibrium constant for the chemical step is similar between WT and Q50A mutant.
However, both the forward (k3) and the reverse (k.3) rate constants are significantly
smaller for the Q50A mutant. Product release is still the rate limiting step for the Q50A
HPPK catalyzed reaction while the rate limiting step is the chemical step for the N10A

HPPK. Without the hydrogen bond network, it seems that the catalytically efficient
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complex cannot be properly formed, thus leads to a decreased binding affinity of
substrate and a lower catalytic efficiency.

The structures of the two mutant enzymes have been determined by X-ray
crystallography using AMPCPP (an ATP analogue) and HP (personal communication
with Jaroslaw Blaszczyk). However, none of the crystal structures contains the substrate
HP. For the N10A HPPK, the HP binding site is occupied by an acetate ion. For the
Q50A HPPK, the HP binding site is occupied by an acetate ion or a pterin derivative with
equal probabilities. The conformations of the three loops in both structures are similar to
those in the crystal structure of the HPPK*MgADP. In particular, loop 3 is in a super-
open conformation, very different from the closed conformation in the ternary substrate
complex HPPK*HP*MgAMPCPP.

Since the crystallization failed to get the ternary complex for either N10A or Q50
HPPK, we turned to an NMR approach to assess the structural effects of both mutations.
Furthermore, we investigated the dynamic properties of the two mutant enyzmes by 15N -
NMR relaxation studies and MD simulations to assess the effects of the mutations on the

dynamic properties of HPPK.

Materials and Methods

Sample Preparation. Uniformly 15N-Iabeled E. coli HPPK mutants (N10A,
Q50A) were purified according to the protocol developed in our lab (9). The NMR

sample of the apo HPPK was prepared by dissolving lyophilized protein powder into 20
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mM sodium phosphate at pH 7.4 with 5% D,0/95% H,0. The NMR sample of the HPPK
ternary complex was prepared by adding a small amount of (~0.5 mg) HDMP into an
HPPK AMPCPP -Mg2+ solution and an overnight incubation at 4 T overnight.
Undissolved HDMP was removed by centrifugation. The NMR samples contained 0.5
mM HPPK protein, 5 mM AMPCPP, ~2 mM HDMP, and 20 mM MgCl,. Assuming that
the affinity of HDMP for HPPK is similar to that of HP, calculations based on the
dissociation constants of HP suggest that HPPK ternary complex is the dominant form
(>99% for Q50A HPPK and >97% for N10A HPPK).

Spectral Assignment. The resonance assignment for the Q50A HPPK was
obtained by analysis of the 3D 15N-dispersed NOESY spectrum and comparison to the
NMR spectra of the WT HPPK. For the N10A mutant enzyme, HNCACB,
CBCA(CO)NH and 15N - dispersed NOESY spectra were used for the resonance
assignment.

15N NMR Relaxation Experiments. NMR relaxation experiments were carried
out at 25 T on a Varian Unity INOVA 600 MHz NMR spectrometer equipped with
5mm triple-resonance probes and z-axis pulsed field gradients. The pulse sequences
developed by Farrow et al (10) were used for measuring of Rq, Ry and lH-15N

heteronuclear steady-state NOEs. For the R1 measurement, nine different relaxation delay

times were used: 11.1, 44.4, 166.5, 388.5, 666, 943.5, 110.0, 1443.0 and 1998 ms. The

second time point was repeated for error estimation. Nine different relaxation delay times
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were used for R, measurement: 0, 17.4, 34.8, 52.2, 69.6, 34.8, 87.0, 104.4, 121.9 and
139.3 ms. The third time point was repeated for error estimation. A recycle delay of 2.5 s
was used for both Rq and Ro» measurements. Two experiments were performed for the

measurement of 1H-15N steady-state NOE: one with 3 s proton pre-saturation following a

5 s recycle delay and the other without pre-saturation but a 8 s total recycle delay instead.
NOEs were derived from the ratio of peak intensities of these two spectra. Duplicate
spectra were acquired for error estimation. All the spectra were recorded with 1944
complex data points in the proton dimension and 100 in the nitrogen dimension. The
number of transients was 16 for the Rq, R» measurements and 64 for the 1H-15N steady-
state NOE measurements.

The relaxation data were processed with NMRPipe (11) and analyzed with
NMRView (12). A Lorentz-to-Gauss window function was applied to all spectra. Zero-
filling was used to make 4096 total points in the proton dimension and 1024 in the
nitrogen dimension. The peak intensities were extracted using the rate analysis subroutine
of NMRview. The exponential decay curves were fitted to a two parameter exponential
equation using the program CURVEFIT, available from the website of Palmer's group.

The HetNOE subroutine of NMRView was used to calculate the lH-15N steady-state

NOEs.

Rotational Diffusion and Model-Free Analysis. Rotational diffusion was

analyzed using the R»/R ratio of residues chosen by following criteria. First, the residue
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is from a well-organized secondary structure. Second, the NOE is no less than 0.65. Third,
the Ro/R1 ratio is within one standard deviation of the mean value. The mean structure of
the NMR ensembles of the HPPK ternary complex, HPPK*MgAMPCPP-DMHP (PDB
code 2F63) (13), was taken as the representative structure. Protons were added using
tleap module in Amber10. Tensor2 (14) was used to optimize the rotational diffusion
tensor against the experimental data. HydroNMR (15) was used to predict the rotational
diffusion tensor based on the protein structure.

The microdynamic parameters under the Lipari-Szabo formalism (16-18) were
extracted using the TENSOR2 program (14). Briefly, the 15N relaxation data were

interpreted in terms of motion of the N-H bond. Five models of increasing complexity

were tested, including model 1 (52), model 2 (Sz, Te), Mmodel 3 (Sz, Rex), model 4 (52, Te,

Rex), and model 5 (Sz, Tes S% ), where S2 is the squared order parameter, 7, is the

correlation time describing the internal motion, S% is the second order parameter

describing the fast internal motion, and Rey is the chemical exchange contribution to R».

F-test was then used to select the model that satisfies the data with the lowest number of
parameters. Standard errors in the model-free parameters were evaluated by 100 Monte
Carlo simulations.

3JHNHA (J-coupling constant between the amide proton and CA proton)
Measurement. The standard HNHA pulse sequence (19) was used to collect the

spectrum. The spectra were processed following the aforementioned protocol. Peak
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position and intensity were located using NMRview Peakpick macro. 3JHNH A constants
were estimated using the equation:

Scross’ Sdiag = —tan®(27) HNS)
where S¢ross and Sgiag are the cross peak and the diagonal peak intensity, respectively, and
2& represents the active time of 3JHNHA in the pulse sequence.

Molecular Dynamics Simulation. MD simulations were performed using the
program Amber 10 with the AMBERO3 force field. Two sets of 50 ns simulation data
were acquired for the Q50A HPPK, and four sets of 50 ns simulation data and two sets of
20 ns simulation data were acquired for the N1OA HPPK. The X-ray crystal structure of
the E coli HPPK ternary complex (PDB ID: 1f9y) was used as the starting point for MD
simulations. This complex contains Mg, HP and AMPCPP. The WT substrate ternary
complex was generated by replacing AMPCPP with ATP. Q50 and N10 were substituted
with alanine virtually to create the mutant HPPK ternary complexes. The standard
parameters of ATP in AMBER were used during simulations. The force field parameters
for HP were derived according to the following protocol. First, the HP coordinate was
obtained from the X-ray crystal structure and hydrogen atoms were added manually.
Then the structure was optimized and atomic charges calculated at the HF/6-31G™ using

the Gaussian03 program. The force field parameters were obtained using the antechamber

module in Amber 10. The interactions with histidine residues were carefully examined
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and the protonation at the ¢ position was used. The default protonation states under
neutral pH for all other residues were used without further consideration.

The fully assembled HPPK substrate ternary complex was neutralized with
sodium ions and solvated by a periodic box of TIP3P water molecules that extended at
least 12 A from the protein atoms. The solvated complex was subjected to 1000 steps of
steepest descent energy minimization followed by 1500 steps conjugated gradient
minimization, where the solute atoms, including both the protein and ligands, were fixed
by a harmonic potential with a force constant of 50.0 kcal/A. The MD dynamics
simulation was carried out using the PMEMD module in Amber 10. The simulations
were initially run at a constant volume for 20 ps to heat up the system from 0 K to 300 K,
then at constant pressure for 20 ps to allow the adjustment of solvent density. The
SHAKE algorithm (20) was used to constrain all bond lengths involving hydrogen atoms,
permitting a 2 fs time step. A non-bonded pair list cut off of 12.0 A was used, and the
non-bonded pair list was updated every 25 steps. The particle mesh Ewald method (21)
was used to evaluate the contribution of long-range electrostatic interactions. The
temperature was controlled by Langevin thermostat (22) with a collision frequency of 5
ps'l. This temperature controlled method is significantly more efficient at equilibrating
the system temperature than the Berendsen temperature-coupling scheme (23) that was
the recommended method for older versions of AMBER. The coordinates were saved

every 2 ps.
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The first 20 ns of the 50 ns trajectories were considered equilibration time and the
rest were used for further analysis, including hydrogen bond, RMSF analysis and
clustering. The shorter simulation was also analyzed and the results were similar to the
longer one if not mentioned. The PTRAJ module in AMBER tool 1.4 was for data
analysis. VMD 1.8.6 (24) was used to visualize the structure and trajectory.

Order Parameter Calculation. MD simulation and NMR spin relaxation
spectroscopy are complementary tools to investigate the dynamics of bio-molecules.
Comparison of order parameters from experiments and MD simulation is increasingly
used to validate the conformational sampling of MD simulations. Traditionally, order
parameters were calculated using the autocorrelation function approach where the global
tumbling was removed by superimposing MD trajectory to the reference structure.
Recently, the isotropic reorientational eigenmode dynamics (IRED) approach (25) was
introduced to calculate the order parameters based on MD simulation. It has two
advantages over the autocorrelation time approach: first, there is no need to separate the
overall tumbling from the internal motion. Second, the snapshots generated from the MD
trajectory are treated analytically to yield an isotropic ensemble. Order parameters were
calculated using both methods and no significant difference was found. Only the order
parameters obtained from the IRED approach were reported. It was found that the order
parameters computed over the trajectory longer than the overall correlation tumbling time

could include motions that would not be reflected in the experimental order parameter
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values (26), thus the order parameters were calculated using a 5 ns time window based on
our trial results. The final order parameters were the average values from these
calculations.

Hydrogen Bond Analysis. The hydrogen bond analysis was carried out using the
PTRAJ module in Amber 10. The criteria for hydrogen bond analysis were the distance
between hydrogen donor and acceptor less than 3.5 A and the angle formed by the donor,

hydrogen and acceptor between 120 “and 180 < Only hydrogen bonds with occupancies

larger than 5% were reported.

Results

NMR Chemical Shift Analysis. Chemical shift is very sensitive to local chemical
environments. The 15N-lH chemical shift changes between WT and mutant enzymes can
be used as an indicator of their structural differences. Figure 3.3 shows 1H-15N HSQC
spectra of the apo Q50A and the Q50A ternary complex, each overlaid with their
corresponding WT HPPK spectra. Overall, the paired spectra show a good overlap, which
indicates that the perturbations of the Q50A substitution are small for both the apo form
and the ternary complex.

Figure 3.4 shows the overlay of the spectra of N1OA HPPK with the
corresponding ones of the WT HPPK. The spectrum of the apo form matches well with
the WT spectrum as in the case of Q50A HPPK. However, the spectrum for the ternary

complexes changes significantly. There are some minor peaks in the N10A ternary
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complex spectrum and the results from ZZ-exchange experiments (32) have shown that
these peaks are not due to slow exchange.
The chemical shift changes (Figure 3.5) were calculated using the following

equation:

ANH = [(AN)2 1 (AH)?

where AH, AN, and ANH are 1H, 15N, and weighted chemical shift changes , respectively.
For the apo HPPK, the plotted chemical shifts are mainly for the residues in the core
region, because the resonances of most of residues in the three loops are not observed.
For the ternary complex, in contrast, resonances are observed for almost all the residues
including those in the three regions. For most residues in the core region, the chemical
shift difference between the WT HPPK and the mutant enzymes is less than 0.1 ppm for
both the apo form and the ternary complex. In contrast, all three loops show some large
chemical shift changes in the ternary complexes of the mutant enzymes. The results
indicate that the conformations of the three loops are significantly different between the
WT HPPK and the mutant enzymes.

3JHNHA Measurement and Dihedral Angle Analysis. The homonuclear three-

bond 3JHNHA coupling constant is related to the backbone dihedral angle ¢ in the protein

and can be described by the Karplus equation:

J =Acosz¢+ Bcosd+C

89



Therefore, 3JHNHA values were measured for the WT HPPK, N10A and the Q50A

HPPK substrate ternary complexes to assess the effects of the mutations on the
conformation of HPPK. AMPCPP and HDMP were used to mimic substrates ATP and
HP, respectively. 3JHNHA was measured for 110, 111 and 93 residues of the WT, Q50A
and N10A protein complexes, respectively, with other 3JHNHA values not obtained due

to weak or missing peaks. Figure 3.6 shows the correlation of 3JHNHA between Q50A

and WT. It is clear that there is high correlation between these two and the linear fitting
gives a slope of 0.98 +0.02, which is a clear indication of high structural similarity. The
correlation of 3JHNHA between N10A and WT HPPK were also plotted in Figure 3.6 and
a slope of 0.95 +0.02 was obtained. These results are consistent with those of the
chemical shift analysis, both indicating that the conformations of the mutant enzymes are
very similar to that of the WT enzyme in the core region.

With respect to the three loops, the analysis was focused on the ternary complex
form. 3JHNHA could be measured for 14 residues in the three loops for the WT ternary
complex, 6 residues for the N10A ternary complex, and 14 residues for the Q50A
residues. The measured 3JHNHA coupling constants for the loop residues in all three
HPPK complexes are listed in table 3.3. Of the 12 loop residues measured for the WT
complex, 12 were also measured for the Q50A complex but only four measured for the

N10A complex. Of the 12 residues measured for both the WT and the Q50A complex,

. - . 3 .
two residues have significantly different “JynHA Values (>1 Hz) and both are located in
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loop 2 (D52 and Y53). Of the four residues measured for both the WT and the N10A
complex, three residues have significantly different 3JHNHA values, one in loop 1 (L11)
and two in loop 2 (D49 and Q50). The different 3JHNHA values indicate that these
residues adopt different ¢ dihedral angles, suggesting that the conformations of loops 1
and 2 of the N10A complex and loop 2 of the Q50A complex are significantly different
from those of the WT complex.

Measured 15N Relaxation Parameters. 15N relaxation data could be obtained
for 138 and 135 residues from 146 non-proline residues for Q50A and Q10A HPPK
ternary complexes, respectively. Figure 3.7 summarizes the relaxation for the Q50A and
the N10A ternary complex along with the data for WT HPPK ternary complex for
comparison. The mean Ry, Ry and NOE value for the Q50A ternary complex are 1.30 +
0.055 ", 12.38 + 1.35 5 - and 0.80 + 0.07, respectively. They are 112 + 0.04 s, 13.06 +
0.535 " and 0.75 = 0.07, for the N10A HPPK and 1.32 £ 0.055 5, 11.51 % 0.94 s and
0.82 + 0.07 for WT HPPK, respectively

The averaged Ro/R1 ratio of the selected residues based on the criteria as
described in the methods was used to estimate the isotropic correlation time of the protein.
The estimated total correlation time is 9.29 + 0.01 ns and 10.29 + 0.01 ns for Q50A and
N10A HPPK ternary complex, respectively. The predicted correlation time based on WT
HPPK ternary complex structure is 10.75 ns. The smaller correlation time indicates that

the monomer form is dominant in the solution. The ratio of the estimated principal
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components is: 1: 0.903:0.977 and 1:0.85:0.90 for Q50A and the N10A HPPK,
respectively. They are similar to the ratio calculated using the mean NMR structure of the
ternary complex (1:0.86:0.92).

Model-free Analysis. The results of the model-free analysis were plotted in
Figure 3.8. Model-free parameters could be extracted for 129 residues from both mutant
enzyme ternary complexes. For the Q50A ternary complex, the mean S2 value is 0.90 =
0.04. 12 residues are one standard deviation of the mean value (residues 2, 30, 46, 50, 83,
86, 87, 96, 100, 105, 106, 108, 122, 142, 151 and 156). Among them, residue 46 and 50
are in loop 2, residue 84, 86 and 87 are in loop 3, residue 100, 105, 106 and 108 are in the
region close to the B-sheet 5 and 6, and residue 151 and 156 are in the C-terminal region.
This pattern is similar to that of WT HPPK although there are some differences for
specific residues.

An Rgy term is required for 43 residues to get good fitting for the Q50A ternary
complex, indicating that Q50A ternary complex is quite dynamic on the |5 to ms
timescale, because the Rqy term describes the dynamics on this timescale. Of these 43
residues, 13 (residues 15, 46, 53, 82, 83, 85, 87, 88, 89, 90, 92, 93, and 94) have
significant Rgy (>1.5 Hz). For the WT ternary complex, this number is 4. The increase in

number of residues with Rey is an indication that Q50A HPPK is more dynamic on the

us-ms timescale compared to WT protein. Among them, 10 residues are in loop 3 and 2

residues are in loop 2.
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For the N10A HPPK ternary complex, the mean 5'2 value iss 0.88 + 0.03, similar

to those of WT and Q50A HPPK. There are 31 residues with 52 one standard deviation

below the mean. Among these residues, 2 are near loop 1, 6 are in or near loop 2, 4
residues are in loop 3, 6 are in the loop connecting B-strand 5 and 6, and 8 are in the C-
terminal region. This pattern is similar to those of the WT and Q50A HPPK ternary
complexes.

An Rgy term are required for 53 residues in the N10A ternary complex to get good
fitting. Among them, 20 have a significant Rgy (>1.5 Hz). This number is 13 and 4 for the
Q50A and the WT HPPK ternary complex, respectively. The increased number of
residues with an Rgy term indicates that the N1OA complex is more dynamic on the ps-
ms timescale compared to WT. Among them, 9 are in loop 3, 4 are in loop 2 and 4 are in
loop 1.

Compared with WT HPPK ternary complex, both N10A and Q50A HPPK ternary
complexes have more residues with significant Rey values, suggesting that both N10A
and Q50A ternary complexes are more flexible than the WT counterpart. It is clear that
for both mutants, the residues with significant Rey are mainly located in the catalytic

regions. The Rey values of N10A HPPK are much larger compared to those of the Q50A

protein. There is no significant difference between these two mutant proteins in terms of

the rest of the protein, which are mainly a-helices and B-sheets. This result is consistent
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with the X-ray crystal structure of HPPK which shows that the core structure is very
stable to either binding or mutation.

MD Simulation Analysis and Order Parameter Comparison. MD simulation
can provide more detailed information about dynamic changes that cannot be obtained
from a NMR experiment. Figure 3.9 shows the root mean square fluctuation (RMSF)
plots calculated based on the MD trajectories of the WT and the mutant enzyme ternary
complexes. The RMSF patterns are similar. The mean RMSF are 0.695, 0.704 and 0.631
A for the WT, the Q50A and the N10A ternary complex, respectively. Surprisingly, the
mean RMSF of the N10A complex is slightly smaller than that of the WT complex. This
difference in mean RMSF is mainly due to lower RMSFs in some C-terminal regions,
particularly residues 115-120. It should be noted that the RMSFs of the three loops
important for catalysis are similar between the mutant and the WT HPPK complex.
Interestingly, loop 2 of the Q50A complex has significantly higher RMSFs but residue 86
in loop 3 has a significantly lower RMSF. However, loop 3 of the Q50A complex
remains flexible as it has high RMSFs.

The backbone 15N -1H order parameters (S2 ) determined from the MD
simulations and the model-free analysis of the NMR relaxation data are plotted in Figure
3.9A and 3.9B for the Q50A and the N10A ternary complex, respectively. The order
parameters calculated from the MD simulation data and measured by the model-free

analysis of the NMR relaxation data are similar. The average order parameters from the
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MD simulation data are 0.850 and 0.845 for the Q50A and N10A complex, respectively,
comparable to the averages of the experimentally measured values of 0.90and 0.88 for
the Q50A and N10A complex. It is well known that the order parameters calculated from
MD simulation tend to be smaller than experimental values in loops and other flexible
regions, which is the cause of the lower average calculated order parameters.

Hydrogen Bond Analysis. Hydrogen bond analysis was carried out on the MD
simulation data using the PTRAJ module of the program AmberTools (version 1.4) and
the results are summarized in Table 3.2. The hydrogen bond network connecting the three
loops together in the WT HPPK ternary complex is well conserved during the MD
simulation. There are a total of five hydrogen bonds between the loops, one between
N10 and Q50, three between N10 and residues P51 and R92, and one between Q50 and
W89, all with high percentages of occurrence. Substitution of N10 with alanine abolishes
all hydrogen bonds involving the side-chain amide of N10, three of the five hydrogen
bonds that connect the three loops, two between loops 1 and 2 and one between loops 1
and 3. No new hydrogen bonds are observed, but the three loops are still connected by
two hydrogen bonds, one between loops 1 and 3 and the other between loops 2 and 3.
Substitution of Q50 with alanine removes all hydrogen bonds involving the side-chain
amide of Q50, including two of the five hydrogen bonds between the three loops, and no
new hydrogen bonds are observed. The mutation eliminates the sole hydrogen bond

between loops 2 and 3, but loops 1 and 3 are still connected by one hydrogen bond and
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loops 1 and 3 by two hydrogen bonds. There are five hydrogen bonds between residues of
loop 2 in the WT HPPK ternary complex. Three of them are formed between Q50 and
P47/Q48/Y53 and two formed between Q48 and P44/G46. All of them are well
conserved during the MD simulation of the WT ternary complex. Among these hydrogen
bonds, only two of them involve the side-chain amide of Q50 and the rest are expected to
be conserved in the Q50A ternary complex. However, none of them is conserved during
MD simulation of the Q50A complex, with the largest occurrence at only ~12%. The loss
of these hydrogen bonds might also contribute to the increased fluctuation of loop 2. In
contrast, all of these hydrogen bonds are conserved in the MD simulation of the N10A

complex.

Discussion

The active center of HPPK is fully assembled and some of the important catalytic
residues move into the active center only after both substrates bind to the enzyme
forming a ternary substrate complex and loops 2 and 3 move in to seal the active center.
The NMR studies, both the chemical shift mapping and the J-coupling constant analysis,
indicate that both N10 and Q50 are important for the assembling of the active center,
because the core structures of both mutant enzymes are nearly the same as that of the WT
enzyme but the conformations of the three loops are significantly different between the
mutant enzymes and the WT enzyme. In support of this interpretation, the chemical shifts

of the core residues are very similar between the N10A and the WT HPPK and
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essentially the same between the Q50A and the WT HPPK (Figures 3.3-3.5). The
3JHNHA constants of the mutant enzymes are correlated well with those of the WT
enzyme (Figure 3.6). The results are consistent with those of the crystallographic analysis,
indicating that both mutations do not perturb the core structure of the enzyme. The NMR
data cannot tell the conformations of the three loops in the apo form, as most residues of
the three loops cannot be observed in this form of the enzyme. In the ternary complex
form, the chemical shifts of the three loops are significantly different between the mutant
enzymes and the WT enzyme, particularly between the N10OA mutant and the WT
enzyme. There are also significant differences in the J-coupling constants of the three
loops between the mutant enzymes and the WT enzyme. Taken together, the data indicate
that the three loops of the mutant enzyme ternary complexes assume conformations
different from those of the WT enzyme.

Both mutations significantly affect the dynamic properties of HPPK. Motions on
the ps-ns timescale are similar between the mutant enzymes and the WT enzyme based
on the order parameters measured by NMR and calculated from the MD simulation data.
However, both mutant enzymes, particularly the three loops, are more mobile on the ps-
ms timescale based on two lines of evidence. First, both mutant enzymes have more
missing or weak peaks, which are most likely due to conformational exchange on the us-

ms timescale. Second, significantly more residues require an Rgy term for the model-free

analysis of the mutant enzyme ternary complexes to account for conformational exchange
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on the us-ms timescale, all of which are located in the three loop regions. The MD
simulations are of limited usage in this regard, as the simulation times are far from
reaching the us-ms timescale, because of technological limitations.

The effects on the conformations and dynamic properties caused by the N10A
mutation are more severe than those caused by the Q50A mutation based on the NMR
studies, including the extent of chemical shift perturbations, the number of missing and
weak peaks, and the number residues requiring an Rey term for the model-free analysis.
This is consistent with the roles of the two residues in the hydrogen bond network that
connects the three loops. The side-chain amide of N10 is involved in three of the five
hydrogen bonds in the hydrogen bond network and that of Q50 only two. Consequently,
the N10A mutation causes a more severe weakening or disruption of the hydrogen bond
network and the coupling of three loops than the Q50A mutation and therefore more
severe effects on the conformations and dynamical properties of the three loops. Most
likely the three loops are in equilibrium between active and inactive conformations. In the
WT enzyme, the active conformation is stabilized by the hydrogen bond network
anchored by N10 and Q50 after the formation of the ternary substrate complex. The
predominant conformation is active for catalysis. In the mutant enzymes, because of the
weakening or disruption of the hydrogen bond network that connect the three loops, the
equilibrium shifts to an inactive conformation or inactive conformations. The equilibrium

shift is more dramatic in the N1OA mutant enzyme than in the Q50A mutant enzyme as
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revealed by the NMR data, causing more significant changes in the thermodynamic and
kinetic parameters of the N10A mutant enzyme (Table 3.1). Since either mutation causes
a significant decrease in the affinity of MgATP for the enzyme, the loop coupling is not
important for the binding of the first substrate. Because both mutations cause a significant
decrease both in the affinity of HP for the enzyme and in the rate constant for the
chemical step, the loop coupling is important for the binding of the second substrate and
the full assembling of the active center and catalysis. These roles of the loop coupling are
consistent with the results of a previous mutagenesis study removing a significant part of
loop 3 as described in the Introduction section.

In conclusion, both N10 and Q50 are important for connecting the three catalytic
loops and the loop coupling is important for the binding of the second substrate HP and

the full assembling and stabilization of the active center and catalysis.
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Table 3.1. Thermodynamic and kinetic parameters of WT, Q50A and N10A HPPK

KaMgaTp) (M) | Kagrpy M) | ka(s™) | ka™) | kas™)
WT 2.640.06 0.1740.01 16 20 1.8
Q50A 2.040.2 2.1140.2 2.3 3.3 2.2
N10A 3.740.2 39+ 0.072 * *

*: not applicable
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Table 3.2. Hydrogen bonds between the three catalytic loops observed during the MD simulations

WT Q50A N10A Distance in WT

. ) - HPPK X-ray
Hydrogen bond Occz;;;ence Dlztggce Occg;:;ence DI??;]CE Occtjc;g)ence Dlztgyce structure (A)
N10-OD1..- R92-NH 99.42 3.01#.14 | 97.6 3.014.15 2.87
P51-0.---N10-NH, 99.36 2.98#4).16 | 96.28 2.974.16 2.9
Q50-OE1.--N10-NH, 91.1 3.0640.18 2.91
R92-0O..-N10-NH 89.23 3.224).15 | 82.93 3.23#).15 | 86.64 3.084.14 | 3.01
P47-0..-Q50-NH,, 98.84 2.9640.15 99.06 2.9640.15 | 2.86
W89-0...50-NH, 97.29 2.9940.17 69.2 3.040.18 | 2.82
Q48-0...50-NH 80.34 299#4).16 |74 3.15#.19 | 73.91 2.98#.17 | 3.15
Q50-OE1...53-OH 78.01 3.0540.23 97.66 2.874.19 | 281
P47-0..-Q50-NH, 98.84 2.9640.15 99.06 2.96#.15 | 2.86
52-0.-N10-NH, 1.24 3.0040.16
Q48-NH,---P440 70.86 2.95#4).17 | 11.80 2974.17 | 42.14 2.964.16
Q48-NH,---G460 67.31 3.014.18 | 11.56 3.0140.18 | 41.75 2.98+4).17
P47-0..-Q48-NH, 11.93 3.1940.18 5.27 3.2140.18
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Table 3.3 3J HnHa coupling constants (Hz) of loop residues of the WT, the Q50A, and the

N10A HPPK ternary complex

. 3 3 3
residue | JHNHA JHNHA JHNHA
number | wtHPPK Q50A HPPK | N10A HPPK
9 7.82
10 7.98 8.39 9.20
loop 1 11 5.95 8.34
12
13
44 8.53 7.59
45
46
47 5.88
loop 2 48 6.49 6.75 7.59
49 5.00 5.80 7.43
50
51 3.13 1.96
52 9.22 8.09
53 8.35 8.81
82 8.17 8.23
83
84 4.00
85 5.23 5.56
86 5.07
87 6.15
loop 3 38
89 5.48
90
91 571 4,99 591
92 2.79
93 6.96 7.04
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Figure 3.1. The crystal structure of the apo HPPK (PDB ID: 1HKA) and representative
structure of the HPPK substrate ternary complex (PDB ID: 1QON). The apo HPPK is
shown in red color and the ternary complex in green color. Only the protein backbone is

shown for simplicity.
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Figure 3.2. Schematic illustration of the coupling of three flexible loops through a
hydrogen bond network in the HPPK ternary complex. This hydrogen bond network
involves N10 from loop 1, P47, and Q50 and P51 from loop 2, and W89, P91, and R92
from loop 3.This network is not observed in apo HPPK. The hydrogen bonds are

represented by dashed lines. Key residues are represented using bond model.
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Figure 3.3
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Figure 3.3 (cont’d)
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Figure 3.3. Overlay of the 1H-15N HSQC spectra of the wild-type and Q50A HPPK
mutant enzymes. Upper panel: Apo forms; lower panel: HPPK<AMPCPP<HDMP ternary
complexes. Blue and green colors represent WT and Q50A HPPK mutant enzymes,

respectively.

106



Figure 3.4
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Figure 3.4 (cont’d)

102 -
104 o
106 o P
108 e LY e . .
[ ]
110 o & e ° 3 .‘ .o
O oW
E 112 & e t .‘#o
. 'S o &4 e
% 114 s ,..-’., 9‘ 44° o
116 ° ® oo - co °®
Z 118 & e o0 . o ¥
“% e e
2 - 8 Kol &
120 - Q.;' o o
122 ) o’ tde ~ °
.’.:0 ar® ¥y T e e
124 S * -
o8 o ® °
126 ®*o éo
& ®ew,® "
128 1 o e °- "! ‘b...
o L4 ® 8
130 o
e -]
132 L4

108 103 98 93 88 83 78 73 68 63

Figure 3.4. Overlay of the lH-15N HSQC spectra of the wild-type and N10A HPPK

mutant enzymes. Upper panel: Apo forms; lower panel: HPPK<AMPCPP+HDMP ternary
complexes. The blue and red colors represent WT and N10A HPPK mutant enzymes,

respectively.
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Figure 3.5
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Figure 3.5 (cont’d)
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Figure 3.5. Chemical shift mapping for HPPK mutant enzymes. a: Apo Q50A HPPK; b:

Apo N10A HPPK; c: Q50A HPPK ternary complex; d: N10A HPPK ternary complex
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Figure 3.6. Correlation of 3JHNHA coupling constants between mutant and WT HPPK

ternary complexes. Upper panel: Q50A HPPK; lower panel: N10A HPPK
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Chapter 4

Insight into E. coli HPPK Substrate Binding Mechanism
and Conformational Transition Pathway: Molecular

Dynamics Simulation Studies
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Introduction

Structural studies show that HPPK undergoes dramatic conformational changes in
its catalytic loops through its catalytic cycle. The conformational changes are important
for catalysis as shown by combined biochemical and structural studies. However, how the
conformational transitions occur is largely unknown. Because high-resolution structures
are available for many stages of its catalytic cycle and the protein is small and
monomeric, computational approaches have been used to investigate the dynamic
properties of the enzyme. Yang et al. studied the loop conformational dynamics of HPPK
in theligand-free (apo) form and its binary complex with MgATP by standard MD
simulations and local-enhanced sampling (1). They found that the crystallographic B-
factors underestimate the loop dynamics considerably and the open conformation of loop
3 in the binary complex is accessible to the apo HPPK, which supports that HPPK uses a
selected-fit mechanism instead of the induced-fit mechanism for ATP binding. Su and

Cukier studied the conformational dynamics of the HPPK*MgATP complex using

restraint MD simulation and ATP binding to HPPK using reweight MD simulation (2). It
was found that the HPPK*MgATP binary complex can sample a great span of
conformations from apo-like to more ligand-bound-like conformation, which supports the
hypothesis that the ligand binding by HPPK follows a selected-fit mechanism. They also
studied the conformation of the HP binding site in the HPPK*MgATP binary complex
(derived by removal of HP from the HPPK substrate ternary complex) using a
Hamiltonian Replica Exchange method (HREM) (3). It was shown that there are several
different conformations of the HP binding site based on cluster analysis of the key
residues for HP binding. This result indicates that the HP binding may also follow a

selected-fit mechanism.
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This chapter describes a more systemic computational study of the conformational
dynamics of HPPK in the first three stages of its catalytic cycle. The conformational
sampling of the side-chains of core active-site residues was investigated by standard MD
simulations of the apo HPPK, the binary substrate complex, and the ternary substrate
complex. The potential pathways for the conformational transitions from the apo HPPK
to the binary substrate complex to the ternary substrate complex were obtained by

targeted MD simulations of the apo HPPK and the binary substrate complex.

Methods

Molecular Dynamics Simulations. The crystal structures of the apo HPPK (PDB
ID: 1HKA), the binary complex HPPK*MgAMPCPP, (unpublished), and the ternary
complex HPPK*AMPCPP<HP (PDB ID: 1Q0N) were used as the starting coordinates for
the MD simulations of the apo HPPK, the binary substrate complex HPPK*MgATP, the
ternary substrate complex HPPK*MgATP+HP, respectively. The unpublished crystal
structure of the binary complex HPPK*MgAMPCPP was chosen as the starting
coordinate for the MD simulation of the binary substrate complex HPPK*MgATP,

because MgAMPCPP is a better MgATP analogue for HPPK. The protein, substrate (and

2+ . . .
substrate analogues) and Mg~ were kept in the coordinate files. Water molecules

coordinated with Mngr were also kept: four in the HPPK*MgATP complex and three in

the HPPK*MgATP+HP complex. All others were deleted from the coordinate files.
AMPCPP was virtually substituted to the native substrate ATP. The simulations were
carried and analyzed in the same way as in Chapter 3.

Principal Component Analysis (PCA). PCA was used to determine the large-
scale concerted motion direction in each form of HPPK. PCA is a widely used method to

simplify the study of the multidimensional data by reducing the dimensionality. PCA
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decompose the total variance of the atom RMS fluctuations over an MD trajectory into a
small set of modes that have a relative large contribution to this variance and a large set
of modes with a small contribution. This method has been shown to be very effective in
analyzing concerted motions in proteins (4).

The involvement coefficient, by definition, is the dot product between the unit
vector of a PC and the unit vector of a probe direction (5). The involvement coefficient v;

of the ith PC is defined as:

~_ IRi-Rgiff |

Vj=—————=00s0
| Ri || Rqiff |

in which R; is the vector of the ith PC, and Rgjsf IS the vector of the difference between

two structures, where @is the angle between R;and Rgi. The cumulative involvement

coefficient p, of the first n PCs is computed as

The involvement coefficient can be used as an indicator of the degree of overlap
between a PC and a probe direction. In our case, the probe direction is defined as the
conformation difference vector between two different forms of HPPK. The involvement
coefficient of the first PC of the apo HPPK can describe how much the largest motion
direction of the apo HPPK overlap with the conformational change direction from the apo
to the binary complex. The cumulative coefficient quantifies how much low-indexed PCs
overlap with the conformation difference.

Targeted MD simulations. The conformational transitions during substrate
binding were studied by targeted MD simulations (7), which enable simulation of large
conformational change from the initial to final state by using an additional energy

functional term that decreases the RMSD between those two states. The targeted MD
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implemented in AMBER 10 (6) was used to calculate the trajectories. The additional
energy term in AMBER 10 has the following form:

2
)

E, =05+f #n*(RMSD, ~RMSD (1.1)

target
where f is the force constant for targeted MD, n is the number of atoms that were used to

calculate the RMSD, RMSDy is the RMSD at time t and RMSDygyggt is the targeted

RMSD. Since the masks for fitting and RMSD calculation are separately defined in
AMBER 10, it is possible to fit to one part of the structure but calculate the RMSD (and
thus the restraint force) for another part of the structure.

The conformation transitions of HPPK through the formation of the ternary
substrate complex were simulated using a two-stage targeted MD simulation: from the

apo HPPK to the binary substrate complex HPPK*MgATP to the ternary substrate

complex HPPK*MgATP<HP. Two model complexes were prepared: HPPK P ATP

(HPPK+MgATP complex with apo HPPK conformation) and HPPK""sMgATP+HP

complex (HPPK*MgATP<HP complex with HPPK*MgATP conformation). The former
was prepared by placing ATP and Mg2+ into the apo HPPK structure and the latter by

placing HP in the HPPK*MgATP structure by superimposition of the corresponding
structures described earlier. The preparation for the targeted MD run was comprised of
three rounds of energy minimization and short NVT and NPT equilibration periods
followed by 2 ns of regular MD simulation. Three snapshots from the regular MD

simulations were randomly chosen as the reference structure for targeted MD simulations.

Three 3 ns targeted MD simulations were run using a force constant of 15 kcal/moI/A'Z,

based on our trial results. The RMSD was reduced gradually during the 3 ns simulation.

The core structure residues (1-8, 15-42, 55-79, 94-158) were used for fitting and the
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whole protein was used for RMSD calculation. The same protocol was applied to the

targeted MD simulations of the second stage.

Results

Stability of the MD Simulations. The MD simulations are stable based on the
time evolution of RMSD (Figure 4.2). Equilibrium is reached based on RMSD after 9, 9
and 5 ns for the apo, HPPK*ATP, and HPPK*ATP+HP complexes, respectively. The
trajectories after reaching equilibrium were used for further analysis. Surprisingly, there
is a jump in the RMSD of the apo HPPK at ~20 ns but the RMSD goes back to around the
equilibrium value in ~2 ns.

The Side-chain Conformation Sampled in the MD Simulations. There are five
residues interacting with HP and 12 residues interacting with ATP as revealed by X-ray
crystallography. Among them, 11 residues interact with substrates through their side-
chains. These residues are Y53, N55, and F123 for HP binding, and R82, R84, R88, W89,
R92, H115, Y116, and R121 for ATP binding. Among them, R82, R84, R88, W89, and
R92 are located in catalytic loop 3 that goes through most dramatic conformational
changes during substrate binding. These residues have to be positioned close to ATP
through conformational changes before the re-orientation of their side-chains for ATP
binding. As discussed before, standard MD simulation is not suitable for studying this
kind of conformational change. Thus, the side-chains of these residues are not considered
in this study. This study focuses on residues Y53, N55, H115, Y116, R121, and F123.
The results show that these side-chain motions are quite restricted as expected in the
ternary substrate complex (Figure 4.2). In the apo form and the binary substrate complex,
these side-chains can also sample the conformations of the ternary substrate complex.
Interestingly, the side-chains of Y53 and N55 samples more conformational space in the

binary substrate complex than in the apo form, indicating that the binding of MgATP
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makes these side-chains more mobile. This enhanced mobility may be caused by the
motion of loop 2. As shown by NMR studies, binding of MgGAMPCPP, an MgATP

analogue, makes loop 2 more mobile.
Principal Component Analysis. PCA analysis was used to study large-scale

concerted motions in different substrate binding states of HPPK, and to determine if these
motions correlate with the conformational transitions between different states. To this end,
involvement coefficients and cumulative involvement coefficients were calculated using
equations 4.1 and 4.2, respectively. The former is a measure of the relevance of a PC to
the conformational transition, and the latter a measure of the contributions from a set of
PCs.

Figure 4.4 shows the individual and cumulative involvement coefficients of the
first 50 PCs of the apo HPPK and the HPPK*MgATP complex. The results show that
none of PCs are highly relevant to the conformational transitions. The cumulative
involvement coefficient of the first 50 PCs is only 0.5 for apo HPPK and only 0.36 the
HPPK+*MgATP complex. Apparently the PCA analysis failed to identify motions relevant
to the conformational transitions.

Targeted MD Simulations. Because the PCA analysis failed to identify motions

relevant to the conformational transitions, targeted MD simulations were adopted to
investigate the conformational transitions. After carefully inspecting the trajectories of the
targeted MD simulations, several parameters were defined and monitored as the
conformational transitions progress (Figures 4.4 and 4.5).

Conformational Transition from the Apo HPPK to the HPPK*MgATP
Complex. The conformational transition of loop 2 can be described by the pseudo-
dihedral angle CA55-CA43-CA48-CA51 (Figure 4.4 A). Its progression towards the

conformation of the binary complex is nearly monotonic. The loop reaches the

126



conformation of the binary complex in ~ 1 ns and is stabilized after 2 ns. The
conformation of loop 3 can be described by the pseudo-dihedral angles CA97-CA81-
CA86-CA89 (Figure 4.4 B) and CA89-CA88-CA87-CAT6 (Figure 4.4C). Its progression
towards the conformation of the binary complex is not straightforward and involves a
twist motion. The twist motion of loop 3 makes it possible to position R92 into the ATP
binding mode. During the simulation, the side-chain of R92 first forms a hydrogen bond
with the backbone of E77 at 1.2 ns, then shifts the H-bond partner to the backbone of R82
until the loop adopts a helix-like conformation, which breaks the H-bond and position
R92 for ATP binding.

Conformational Transition from HPPK*MgATP to HPPK-MgATP-HP
Complex. For the first 1 ns, the loop 2 moves closer to the active site in a kind of hinge
motion. However, it is hard to find a single dihedral angle to describe this process. Instead,
the distance between CA46 and CA95 residues is used for this purpose. As shown in
Figure 4.5A, this distance correlates well with loop 2 movement. From ~500 ps, loop 3
starts to move closer to the active site, which can be characterized by the pseudo-dihedral
angle CA86-CA88-CA97-CAT72 (Figure 4.5B). From ~750 ps, the small helix inside loop
3 starts to untwist, which can be characterized by a pseudo-dihedral angle CA86-CA85-

CA88-CA89 (Figure 4.5C).

Hydrogen Bond Analysis. The model complexes (both HPPKP°-ATP and

HPPKbm-ATP-HP) were created each by superimposition of two corresponding crystal

structures. It is found that the substrates can be docked into the active center without
steric hindrance.

Figure 4.7 shows the superposition of the active centers of the apo HPPK, the
binary complex, and the HPPK ternary complex. In the structure of the apo HPPK, the
core residuesT112, L98, R121, H115 and Y116 are in a good position to bind ATP.
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However, the loop-3 residues that interact with MgATP, R82, R84, and R92, are far away
from the active center. In the structure of the binary substrate complex HPPK<ATP,
residues Q55, F123 and Y53 in the HPPK*ATP binary complex are in a position to bind
HP. However, the loop 2 residues that interact with HP are away from the active center.
In both cases, the active center is not blocked and is accessible to the substrates.

The protein-substrate interactions were further examined after 2 ns MD

simulations. For HPPKapO°MgATP complex, the conformations of the three catalytic

loops remain similar to those of the apo HPPK and the catalytically important residues
R82 and R92 are still far away from MgATP, although the interactions of the nearby
residues with MgATP were further optimized. Figure 4.8 shows the final snapshot of the
complex in the MD simulation. The R92 side-chain forms hydrogen bonds with E77 and
G81, which might keep R92 from getting into active site.

The conformational change of R92 was monitored during the targeted MD

simulation of the first stage, from HPPK®® to HPPKbm. As it interacts with E77 and G81

in the starting structure and with ATP in the final state, the conformational change was
monitored through tracking the distances between them. The optimization of the
interactions between D95 and the magnesium ion was also monitored through their
distance. The results are shown in Figure 4.9. The interactions are maintained for the first
750 ps as loop 2 and loop 3 go through the conformational transition. During this stage,
loop 2 and loop 3 moves closer to each other. After that, the R92 move towards ATP till 2
ns as indicated by the increased distance between R92 and E77/G81 and reduced distance
between R92 and ATP. The interaction is optimized in the remaining 1 ns. Thus, the loop

3 conformational change occurs before R92 starts to move into the active site.
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The interactions between HP and HPPK in the HPPKbm°MgATP°HP complex are

optimized after 2 ns of the standard MD simulation except for L45, as shown in Figure

4.8. Similar to the HPPK**%.ATP complex, the overall conformation is similar to the

starting structure, the HPPK*MgATP binary complex, and no dramatic conformational
change was observed in the loops. R82 keeps the conformation as in the binary complex.
W89, which interacts with ATP through a hydrogen bond and forms part of the binding
pockets of HP, is also in a conformation similar to that in the binary complex.

The positioning of these residues is monitored during the targeted MD simulation
of the HPPKbm'MgATP°HP complex. Figure 4.10 shows the positioning process as

measured by the distances between L45 and HP, W89 and ATP, and R82 and N74. At the
beginning, R82 points outside the ATP binding pocket. From around 1.2 ns, it starts to
move in the right direction to get closer to the active site and reaches the position in the
the HPPK*MgATP<HP complex after ~2 ns. W89 is positioned to interact with ATP after
R82 moves to the right direction. The carbonyl oxygen of L45 forms a hydrogen bond
with HP. It moves into the active site very quickly. However, no stable interaction is

formed till ~2 ns, as the distance fluctuates from 3-4 A.

Discussion

The three catalytic loops, particularly loops 2 and 3, of HPPK undergo dramatic
conformational changes through its catalytic cycle. In this study, the conformational
transitions from the apo form to the binary substrate complex to the ternary substrate
complexes are investigated by MD simulations. The results show that the conformational
transitions are complex and cannot be described by some dominant modes of motion.
None of the first 50 PCs obtained by PCA analysis of the trajectories of the standard MD

simulations are highly relevant to the conformational transitions, as their involvement
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coefficients are all small and the cumulative involvement coefficients of the first 50 PCs
are also small. This is consistent with the result of the analysis of the apo HPPK by Su
and Cukier using an elastic normal mode analysis (2), which found a mode of closing
motion of the loops but its direction does not correlate with the motions needed for the
formation of the ternary complex. The targeted MD simulations show that motions of
loop 3 are more complex than those of loop 2 in the conformational transitions, which is
consistent with the complex conformational changes revealed by structural studies by X-
ray crystallography and NMR. It appears that loop 2 can reach the target conformations
more easily than loop 3, but it is stabilized only after loop 3 reaches its target
conformations. The guanidinium groups of R82 and R92, two most important residues for
HPPK catalysis, cannot move into the active center without the conformational transitions
of loop 3, which is in agreement with the deletion mutagenesis study of this loop.

The conformational changes of the loops are not required for the access of the
substrates to the active center or the interactions of the core active site residues with the
substrates. Both MgATP and HP can be placed in their binding sites in the apo HPPK
without steric hindrance. The core active site residues in the apo form can sample the
conformations of the binary and the ternary substrate complex (Figure 4.3), in support of
a selected-fit mechanism. Biochemical studies show that HPPK follows an ordered
mechanism with MgATP binding to the enzymes first. HP can bind to HPPK in the
absence of MgATP, but its affinity is low, in the millimolar range. The binding of
MgATP enhances the affinity of HP for HPPK by more than three orders of magnitude.
The dramatic enhancement of HP affinity for HPPK is probably due to the
conformational change of loop 2 that is stabilized by loop 3. The conformation of loop 3

is in turn stabilized by the interactions of R82 and R92 with MgATP.
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Figure 4.1. The structures of the apo form, binary complex, and ternary complex of HPPK.

Green, the apo HPPK (PDB ID: 1HKA); purple, HPPK*MgAMPCPP complex

(unpublished structure); red, HPPK*MgAMPCPP*HP complex (PDB ID: 1QO0N).

131



apo-HPPK
HPPK-ATP
HPPK-ATP-HP

RMSD (A )
o
<

ol el T
R
1.0 INMmﬂ M‘
0.5 -
O % o5 10 15 20
Time (ns)

Figure 4.2: Co. RMSDs of the apo HPPK (black), the HPPK*MgATP complex (red), and

the HPPK*MgATP+HP complex (blue).
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Figure 4.3. Side-chain conformations sampled during the MD simulations of the apo
HPPK (black), HPPK*MgATP complex (red) and HPPK*MgATP*HP complex (green).
The side-chain conformation was defined by side-chain dihedral angles x1, %2 and y3. See
text for the detailed definition. (1, ¥2, x3) plot was used to represent the arginine side-
chain conformation and the (x1, ¥2) plot was use for all the other residues. The panels A,

B, C, D, E and F are for residue N55, Y53, F123, H115, Y116 and R121, respectively
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Figure 4.4: The involvement coefficients (thin bar; left axis) and the cumulative
involvement coefficients (thick line, right y-axis) of the first 50 PCs. The involvement
coefficients are calculated by projecting the PCs of the MD simulation of the apo HPPK
onto the difference vector between the apo and the binary complex (a) and projecting the
PCs of the MD simulation of the binary complex onto the difference vector between the

binary and ternary complexes (b).
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Figure 4.5. The characteristic motions and reaction coordinates from the apo HPPK to
HPPK+*MgATP complex. In each row, the left panel represents the initial conformation,
the middle panel the target conformation, and the right panel the time evolution of the
chosen reaction coordinates along the TMD trajectory. The reaction coordinates are
pseudo dihedral angles CA55-CA43-CA48-CA51 (4A), CA97-CA81-CA86-CA89 (4B),

and CA89-CA88-CA87-CA86 (4C). The involved atoms are shown in balls in the cartoon

drawings.
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Figure 4.6. The characteristic motions and reaction coordinates from HPPK*MgATP to
HPPK+*MgATP+HP complex. In each row, the left panel represents the initial
conformation, the middle panel the target conformation, and the right panel the time
evolution of the chosen reaction coordinates along the TMD trajectory. The reaction
coordinates are the distance between CA46 to CA95 (5A) and the pseudo dihedral angle
CAB86-CA88-CA97-CAT72 (5B), and CA86-CA-85-CA88-CA89 (5C). The involved

atoms are shown in balls in the cartoon drawings.
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Figure 4.7. The conformations of the active site residues in the crystal structures of the
apo HPPK, HPPK*MgATP and HPPK*MgATP+HP complexes. Hydrogen bonds are
shown as black dashed lines. The active site residues in HPPK*MgATP+*HP complex are
shown in ball and stick model. The red and purple licorice model is for apo HPPK and
HPPK*MgATP complex, respectively. HPPK in the ternary complex is shown in the

green transparent cartoon.
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Figure 4.8. Snapshots of the HPPK*°-ATP complex (upper panel) and the HPPKbm°

ATP+HP complex (lower panel) after 2 ns of MD simulation. The protein is shown in

cartoon and the selected residues and ligands are shown in ball and stick. The hydrogen

bonds and ion coordination are shown in black dashed lines.
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Figure 4.9. The positioning of R92 and D95 in the HPPK*MgATP binary complex as

shown in the targeted MD simulation. The distances of six pair of atoms are plotted.
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Figure 4.10. The positioning of L45, W89 and R82 in the HPPK*MgATP*MgHP complex
as shown in the targeted MD simulation. Four interatomic distances were used as

indicators as shown in the figure and were plotted along the simulation time.
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Chapter 5

Conclusion and Perspective
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HPPK is one of the key enzymes in the folate biosynthetic pathway, a potential
for development of antimicrobial agents. Its catalytic mechanism and structure have been
extensively studied. HPPK follows an ordered kinetic mechanism and product release is
the rate limiting step of the HPPK-catalyzed reaction. The enzyme goes through dramatic
conformational changes during its catalytic cycle, and the active center is assembled only
after both substrates bind to the enzyme. The conformational changes are important for
HPPK catalysis, but the molecular details of the conformational transitions are largely
unknown. In this thesis work, we have investigated the conformational dynamics of
HPPK from the apo form to the binary substrate complex and then to the ternary substrate
complex, the first half of the catalytic cycle of HPPK, by a combination of experimental

and computational studies.

15 . . . . : :
N-relaxation experiments were first carried out to characterize the dynamic

properties on the first half of the HPPK catalytic cycle. Model-free analysis of the 15N

NMR relaxation data together with the weak or missing signals revealed that the three
catalytic loops are mobile on a wide range of timescales in the absence of ligand. The
binding of the nucleotide to HPPK does not cause major changes in the dynamic
properties of the enzyme. The internal mobility of HPPK is not reduced and is even
moderately increased in the binary complex, particularly in the catalytic loops. However,
the internal mobility of the catalytic loops is significantly reduced upon the formation of
the ternary complex, but some mobility remains.

Our molecular dynamics simulation studies showed that HPPK uses the selected-
fit mechanism for binding both substrates, because the side chains of key residues in the

core region sample the conformations of different substrate binding forms of HPPK. The
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PCA analysis of the 20 ns simulation showed that none of the principal components with
large fluctuations are significantly correlated with the conformational transitions from the
apo form to the ternary substrate complex. Targeted MD was used to explore the
potential pathways of the conformational transition. It was found that loop 3 undergoes
more complex motions than loop 2 in the conformational transitions and loop 2 is
stabilized only after loop 3 reaches its target conformations.

Two mutated HPPK proteins were used to study the functional roles of HPPK
dynamics: N10A and Q50A. Both N10 and Q50 are key residues in the hydrogen bond
network that connects the three catalytic loops (loop coupling) but neither has direct
interaction with the substrates or products. The structural and dynamic perturbations were
studied by NMR. Chemical shift analysis showed that the loop conformations of both
mutated enzymes are significantly different from those of the WT HPPK, as indicated by
the large chemical shift changes in the ternary complexes of the mutated enzymes. The
core region is essentially unperturbed, as the chemical shift differences between the WT
HPPK and the mutated enzymes are less than 0.1 ppm for both the apo form and the
ternary complex. This conclusion is supported by the J-coupling analysis. The high

correlation between ternary complexes of either mutant enzyme and WT HPPK indicates
high structural similarity. The significantly differences in the measured JynHA Values of

the loop regions suggest that the conformations of loops 1 and 2 of the N10A complex
and loop 2 of the Q50A complex are significantly different from those of the WT

complex.

15N relaxation studies showed that both N10A and Q50A HPPK ternary

complexes have more residues with significant Rey values, suggesting that both N10A
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and Q50A ternary complexes are more flexible than the WT counterpart. The effects on
the conformations and dynamic properties caused by the N1OA mutation are more severe
than those caused by the Q50A mutation based on the extent of chemical shift

perturbations, the number of missing and weak peaks, and the number residues requiring

. 15 : _— .
an Rey term for the model-free analysis of the "N relaxation data. In combination with

the results of the biochemical and crystallographic studies, the NMR data indicate that the
loop coupling is important for the binding of the second substrate HP and the full
assembling and stabilization of the active center and catalysis.

While my studies have provided some important insights to the conformational
dynamics of HPPK, additional studies are needed for a more complete understanding.
Below I propose several further studies of the conformational dynamics of HPPK by
NMR.

The first study is to investigate the dynamics of the second half of the catalytic
cycle, namely, product release. As product release is rate-limiting for HPPK-catalyzed
reaction, it is important to understand the dynamic properties of this process. This will

provide a complete view of the dynamic properties of HPPK through its catalytic cycle.

15N-relaxation method can be used for this purpose.
The second study is to use 13C probes for NMR dynamics studies. The

information obtained from 15N-based method is limited to the protein backbone and the

side chains of tryptophan, arginine and asparagine and glutamine residues. Since

substrate binding and product release of HPPK involves extensive hydrophobic
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interactions with protein side chains, ~C NMR relaxation studies may provide more

detailed information about the interactions between HPPK and its substrates/ligands.

The third study is to use paramagnetic relaxation enhancement (PRE) method to
study the loop conformational ensemble. PRE is widely used to study protein structure
and dynamics. Compared to the short distance restraint of less than 6 A provided by NOE
measurement, PRE provides long range distance restraints in the range of 10-35 A. With

this information, it is possible to detect and visualize lowly populated states of protein.

HPPK is suitable for PRE measurement. One of the problems with 15N relaxation studies

on HPPK is that the peaks of some key residues, such as some loop 2 and loop 3 residues
are missing due to either solvent exchange or intrinsic flexibility of those regions, which
makes it impossible to obtain the dynamic information of those residues from NMR
relaxation studies. One way to use PRE to study the conformational dynamics is to place
paramagnetic probes on the loops (2 and 3) that undergo dramatic conformational
changes during the catalytic cycle. Since the largest displacement of loop residues is ~18
A as revealed by X-ray crystallography, the dynamic information of these loops can be
readily obtained by using the rigid core residue as a reference. Since there is not native
cysteine residue in HPPK, the labeling position can be precisely controlled by

introducing cysteine mutation.
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