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ABSTRACT

In both mammals and parasites, S-adenosyl-L-homocysteine &agerol
(SAHH) plays a crucial role in regulating S-adenosylmethioninpegent
transmethylations by catalyzing the reversible conversion ofnosgéL-
homocysteine (AdoHcy) to adenosine and homocysteine. Inhibitors of parasit
SAHHSs (e.g.,those ofLeishmania Plasmodium Trypanosomp are potential anti-
parasitic agents which may present selective inhibition if tindibitory activity is
weaker forHomo sapienSAHH (Hs-SAHH). This study was aimed at addressing the
differences in structure and kinetic properties between Hs-SamtHTc-SAHH, the
SAHH of Trypanosoma&ruzi, the organism which causes Chagas disease in humans.

The available X-ray structures of Hs-SAHH and Tc-SAHH show no
significant difference between the active sites of the twoyraeg, providing no
definite suggestions for designing selective anti-parasitic ihngi Therefore, we
have designed a series of biochemical, biophysical and computatituthéss
focusing on enzyme interactions with the nicotinamide cofactors.eTheglies
showed that the equilibrium and kinetic properties of the associatiodissatiation
of the cofactor NAD from the enzymes of Hs-SAHH and Tc-SAHH are qualitatively
similar but quantitatively distinct. Briefly, association of NA@ both enzymes is a
complex process, composed of two parts: a fast-binding phase (degdamd a
slow-binding phase. The fast-binding phase comes from one class of the
homotetrameric apo-enzyme active sites, which binds cofactor yvaa#ll generates

full activity very rapidly (in less than a minute). The slow-bindgigise comes from



the other class of active sites which binds cofactor more ghyrdout generates
activity only slowly (over 30 min). These two classes of actives appear to be
numerically equal. The kinetics of slow binding of NA®D two enzymes show
concentration dependence, and the cofactor binds to Hs-SAHH almosteRfaister
than to Tc-SAHH. The final binding affinity of cofactor NARo Tc-SAHH persists
at micromolar levels while Hs-SAHH decreases the binding gfffrom micromolar

to nanomolar over a period of time and its equilibrium affinity staty nanomolar
levels. In contrast to the complex kinetics of association, both elszymeergo
dissociation of NAD from all four sites in a single first-order reaction. The
dissociation of NAD from two enzymes shows complex temperature dependence and
NAD™ leaves from Tc-SAHH much faster than from Hs-SAHH. Comparetheo
traditional selective inhibitor target site (the substrate-bmdiomain of SAHH), the
identified differential features between Hs-SAHH and Tc-SAdtiggest the use of a
novel target site, the cofactor (NAINADH)-binding domain.

In a detailed analysis, two structural elements, the helixt 1#8eaC-terminal
and thep-sheet A of the Rossmann motif in the cofactor-binding domain, were
identified as possible sources of the distinct properties of theehmymes. The site-
directed mutagenesis approach was employed to create two kindstanmts: the
“‘humanized” Tc-SAHH (helix 18 oB-sheet A of Tc-SAHH replaced by that of
human enzyme) and the “parasitized” Hs-SAHH (helix 18-sheet A of Hs-SAHH
replaced by that of parasite enzyme). As expected, the résultie two mutants

were intermediate between the two wild types: the “humanizeeBAldH exhibits



similar kinetics and thermodynamics to wild type Hs-SAHH witlie “parasitized”
Hs-SAHH has properties close to wild type parasite enzymes.

Moreover, in an alanine scanning computational study, two conserved
residues at the C-terminus, a Lys and a Tyr, are found to be invoivéade
differential kinetic properties of the two enzymes. All théa&a support the view that
the cofactor-binding domain is a good target for designing seddohibitors against
parasite enzymes.

In addition, this work found a selective inhibitor which bound to the
traditional target site — the substrate binding site, and stutkednactivation
mechanism and kinetic features. Ribavirin, an analogue of adenosinéjtsexhi
preferential time-dependent inactivation on Tc-SAHH over Hs-SAAH provides a
structural lead to design more selective inhibitors.

Overall, studies on differential cofactor association and dissmtiptoperties
between Hs-SAHH and Tc-SAHH will help us understand better osetlwo
enzymes and lead to design potential selective inhibitors targgtoajactor-binding

sites for treatment of Chagas disease.
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Chapter 1

Introduction to Hs-SAHH and Tc-SAHH

1.1. The role of SAHH in methyl transfer

S-adenosyl-L-homocysteine (AdoHcy) hydrolase (SAHH; EC 3.3.1.1.) is the
only known enzyme responsible for the reversible conversion of AdoHcy to
adenosine (Ado) and homocysteine (Hcy) (Scheme 1.1.), which occursttesm
of the S-adenosylmethionine (AdoMet)-dependent transmethylation mietabol
pathway [1, 2]. AdoMet-dependent methyl transfers are involved in awasidety of
important biological functions and the corresponding methyl acceptorthisn
pathway include macromolecules such as proteins, nucleic acids,qublgsdes and
also include small molecules such as histamines and phospholipidsini8g S
AdoHcy is a powerful product inhibitor which functions as a switchetulate the
AdoMet-dependent methyl transfers, SAHH plays a crucial iol¢the AdoMet-
dependent transmethylation pathway through controlling the intreaeleNels of
AdoHcy [1]. The catabolic reaction of AdoHcy favors the hydrolytrection under
physiological conditions [1]. Thus, inhibition of SAHH in mammaliariscevill

result in increased cellular level of AdoHcy and further blocking of the meyiajé.
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Scheme 1.1.The role of SAHH in methyl transfer and its metabolic patlsway

Abbreviations: ADA, adenosine deaminase; AK, adenosine kinase.



Since it has a unique role in methyl transfer, SAHH has beendevedias an
antiviral target in chemotherapy for decades, since therf®ital residue of viral
MRNA is an AdoMet-dependent transmethylase substrftde 5]. Moreover,
overactive malfunction of SAHH will result in abnormally higlood levels of Hcy,
which increases the risk of cardiovascular disease [6-8] and lgoasilgloid diseases
[9], and so SAHH has been considered as a target for treatment ofchbeases as
well. Recently, a new pharmacological interest has develop&AHH as an anti-

parasitic agent [10].

1.2. The importance of selective inhibitors against Tc-SAHH and

therapeutics in Chagas disease

Besides mammalian organisms, parasites suchrgsanosoma cruzjll],
Plasmodium falciparunjl2] and Leishmania donovanjl0, 13] also encode their
own SAHHSs (Tc-SAHH, Pf-SAHH and Ld-SAHH, respectively)vesll as AdoMet-
dependent methyltransferases [14]. Similar to mammalian orggnpar&sites use
their AdoMet-dependent methyltransferase to methylate thebet their mRNAs,
which are important for their growth [14]. Thus, inactivation of pa@SAHH will
result in the blocking of methyl transfer and further suppresgrtheth of parasites.
Earlier studies [10, 11] have shown thhere are differences of the kinetic and
thermodynamic parameters between human and parasite enzymassteRanzymes

have weaker binding affinities for NADand/or lower catalytic activities than those



of the human enzyme [10, 11]. These differences provide the possibitigsmning
selective inhibitors against parasite SAHHs without inactivatbtnuman SAHH

(Hs-SAHH).

In this study we are specifically interested Tmypanosoma cruziThere
currently are 8-11 million people infected with Chagas diseas® (ahown as
American trypanosomiasis) by the protozoan pardsigpanosoma cruziCenter for
Disease and Control, Chagas Disease Fact Sheet, June 2007). Thse dfse
transmitted by triatomine insects when they feed on the blood ofrhtosts [15].
Chagas disease mainly resides in rural areas of Mexico,aCémerica and South
America and seriously threatens the public health there [15]. Becduscreased
population movement, it has been reported that there are rare caseghermarts
of the USA (Center for Disease and Control, Chagas Diseas&keet, June 2007).
It is therefore useful to continue biochemical, biophysical and conahistudies
on the distinguishing features between Hs-SAHH and Tc-SAHHusec these
studies couldlead to development of compounds with clinical potential as anti-

parasitic agents and eventually to improved treatments of Chagas disease.

1.3. Structural similarities between Hs-SAHH and Tc  -SAHH

So far there are eleven available X-ray structures of SAtdkh different

sources (Protein Data Bank files: 1a7a, 1ky4, 1ky5, 1li4, 1d4f, 1ky4f, IM@u,



2h5i, 1xbe, 1v8b) including wild types of human placenta, rat liR&asmodium
falciparum and Trypanosoma cruz(unpublished data from our group) as well as
various mutated forms, providing highly useful information for SAHHestigations.
The alignment of SAHH amino acid sequences from different sowitews the

primary structure is highly conserved [1].

1.3.1. The structure of Hs-SAHH

Hs-SAHH is a homotetramer (Figure 1.t9gmposed of four ~ 47.5 kDa
monomers [1, 16]. Each monomer has 432 residues and can be divided into three
parts: one substrate-binding domain, one cofactor-binding domain (comhgkexe
molecule of NAD/NADH) and a small extende@-terminal “tail” [1, 16]. Both
structure and normal mode analysis identify a hinge regesidues 182-196 (hinge
region 1) and 352-356 (hinge region 2)] which connects the substrate-bdtuivagn
(SBD, residues 5-180 and 357-374) with the cofactor-binding domain (CBiDues
191-356) [1, 17, 18]. This hinge regulates a ~° t€orientation of the SBD relative to
the CBD in the direction of the open-to-closed transition and enahles
conformational change in SAHH, which plays an important role in stdstepture

and in the subsequent series of catalytic reactions [16, 17].

Between the SBD and the CBD there is a deep cleft whicksnas a channel

for substrates entering the active site and also for products being delgase



Figure 1.1.The tetramer structure of SAHH containing cofactor NABrown) (pdb
code: 1KY4). Four cofactor-binding domains (green) form the ceotral and four
substrate-binding domains (red) are located outside.



solution [1]. In terms of quaternary structure, the tetramesrngposed of two dimers,
formed by monomers A and B, and monomers C anee§pectivelyThe two dimers

bind each other tightly and build a “dimer of dimers” [1]. The shdr(r@sidue 380-

432) of monomer A extends to monomer B and helps to cover monomer B’s cofactor-
binding site, andiice versd1l]. This tail exchange also occurs between the C and D
monomers [1]. Moreover, the four cofactor-binding domains from foonamers

bind each other tightly to form a central core with the four satesbinding domains

facing outside [1].

Comparing the available X-ray structures, there are two diifer
conformations of SAHH: the open form and the closed form. Since tdtHS¥hares
97 % sequence identity with the human enzyme, the entire proteatusé of rat
SAHH is assumed to be very similar to that of the human enz$8ie The open
conformation comes from the structure of that rat enzyme (RiaB:clKY4) [20]
while the closed conformation is from the human source structure D& 1A7A
[1] or 1LI4 [16]]. It is worth emphasizing that the X-ray sturet (PDB:1A7A) of
SAHH which contains the inhibitor DHCeA shows a twisted-closstdarmation: a
14 © reorientation of two halves of the homotetramer to tightlyteeaactive core
[1]. Comparison of the open and closed conformations, Figure 1.2. shows a 19
rotation of the substrate binding domain toward the cofactor binding domaiich w
transits the open to the closed conformation. The open-to-closed cotiboraha

transition is related to the catalytic reactions involving the substrate tawdao



Open Closed

Figure 1.2. Open conformation (pdb: 1KY4, rat source) and closed conformation
(pdb: 1LI4, human source) of SAHH monomer from crystallizationatece by
Molecular Operation Environment). The top domain is the cofactor-birdbnggin;

the bottom domain is the substrate-binding domain; the right loop 6-tkeminal

tail. SAHH in open conformation only contains cofactor NABall-and-stick) and
SAHH in closed conformation contains cofactor NADH (ball-and-staeid oxidized
inhibitor-NepA (ball-and-stick). Comparison of open conformation and closed
conformation, the substrate-binding domain rotates ~ i@ward to the cofactor

binding domain to form an active site for catalysis.



NAD(H) in the active site. The open conformation of SAHH enablestrsibs
binding and the closed conformation provides a closer contact betweératguasd
cofactor in active site needed for catalysis. The enzyme dsnback to the open

conformation upon product release [21].

Besides the X-ray structures, there is other evidence fdiHSAomain
motions. Computationally, normal mode analysis of low-frequency collectiviemsot
of SAHH reveals the different mechanical properties of the opédrciased forms of
SAHH. The hinge-bending motion in the direction of the open-to-closed
conformational transition is unique to the open form of SAHH and occurs
independently of other protein vibrations [17]. In the closed form, normal mode
calculations show the amplitude of the hinge-bending motion in each sudjunit
SAHH is smaller than that in the open form, and the hinge bemdotpns of
individual subunits are strongly coupled to each other and other low frgquenc
vibrations, including subunit reorientations [17This mechanical coupling, a
characteristic of the closed form, may transmit the infomnatf any structural
changes related to the catalytic reactions in one of theafdive sites to other active
sites. Normal mode analysis also identified that the 20-ps {negding vibrations of
subunits only reach an amplitude motion of “~wiich is much smaller than the
amplitude of 19 in the global structural transition, so the°18BD vs. CBD

reorientation cannot be described as a simple elastic deformation [17].



Experimentally, time-resolved fluorescence anisotropy measursnesre
carried out on native SAHH and three catalytically activeamis; M351P, H353A
and P354A, all labeled with the fluorescent probe PMal at resiefddand ¢?*[18].
Data analysis was focused on the time constants for reorientatbans and the
data for wild type SAHH with/without ligand provides important imf@ation on the
effect of ligand binding and oxidation on hinge-bending motions. Wild 84EH
without substrate exhibits three rotational correlation times: O.Eeftecting local
chromophore reorientations and protein vibrations; 14 ns involving domain
reorientation; and 82 ns manifesting the overall protein tumbling inicol{i8].
Wild type SAHH bound with 3'-deoxyAdo/NAD or 3’-keto-Ado/NADH
(Ado/NAD") shows similar three-component anisotropy decay, but for wild type
SAHH bound with 3’-keto-NepA/NADH, the 10-20 ns domain reorientation is not
detected [18]. These results indicate that there is an equililraimeen open and
closed structures of SAHH. This equilibrium is shifted toward toore mobile open
form in the presence of the substrate-free enzyme (E-)NA&s well as in the
presence of the intermediates which are formed early in ttadytoa cycle after
substrate binding or formed late prior to product release (B-Wigand). This
equilibrium is shifted toward the more rigid closed form in thesgmee of SAHH
with substrates/analogues of the central catalytic intertee(EaNADH/ligand) [18].

In addition, the fluorescence anisotropy studying of three mutatiotigwithout
ligand was used to investigate the roles of these residudseiminge region 2

(residues 352-356) in hinge bending motions. Mutants M351P and P354A show a
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similar pattern of behavior to wild type SAHH, which indicated tiesidues M351
and P354 have no significant effects on domain motion [18]. For the H353Atnuta
the 10-20 ns domain motion wasn't detected with/without ligand, and thestonge
component was shortened to 55-71 ns for all four ligation states ohinkB53A.
This indicates mutant H353A changes its domain motion dynamicpandent of
presence of ligand or oxidation state of cofactor [18]. Since the H3&8fant
remains catalytically active, this mutant may slow down mgdibending motions to

a long time scale similar as that of overall protein tumblindoager, or exhibit
modified shape and size of the protein [18]. If the hinge bending matiowsdown

to the time scale of the enzyme’s turnover (the order of a sedbrgdyyould be out

of the detectable range for the fluorescence anisotropy s€udy- (200 ns) [18].
Overall, hinge region 2 doesn’'t make a direct contribution to catadiivity. In
contrast, hinge region 1 contains residues N181, K186, N190, N191 which are in the
active site, which are involved in binding the substrate and thus ractlyliable to

affect the activity [18].

To get a direct and clear picture of the domain motions of SAHES as
dynamics simulation of the open form of SAHH with explicit solweat performed
using Amber7 software. Very similar to the X-ray structtine,trajectories show that
at the tetramer level the four cofactor binding domains formnératecore which
remains relatively rigid, and that the four substrate binding den&cated at the

protein exterior, exhibit flexible reorientations of large amole. Interestingly, the

11



fluctuations of domains between open and closed conformations within wdaahits
constitute only ~ 20 % of the trajectory domain motions. At thartedr level, the
remaining ~ 80 % of the domain motions are perpendicular to the direatithe
open-to-closed structural transition, and may be described aseathimg-type”
motion with substrate-binding domains moving to and from the tetraroere of
SAHH. Furthermore, the domain reorientations in solution can besepied as a
combination of a faster process with 20-50 ps rotational correlatiees and 3-2
amplitude, and a slower process with 8-23 ns correlation times a2’ nplitude.
The time scale of the faster process is very close tb dhahe hinge-bending
vibrations which were found in the normal mode analide the slow process well
matches the fluorescence anisotropy decay measurements,dekecited the 10-20
ns domain motion with ca. amplitude of°2é SAHH without substrate. Therefore,
the slow process is assigned to the rotational diffusion of the donvédhia a core
with 10-20 half-angle. Overall, the results of the simulation agree thighprevious

data and help us to better understand SAHH domain motions in solution [22].

The X-ray structures are especially important tools in stratand functional
studies of SAHHSs. Below is a summary of the X-ray strestwf six wild types of

SAHH (data available from the Protein Data Bank).

(1.) 1KY4 [20] [refined from 1B3R [19]]: structure of the rat enzymghw

cofactor NAD with no substrate.
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(2.) 1A7A [1]: structure of the human enzyme with cofactor NADH reduce
by the substrate analogue DHceA, which is oxidized to the t8'-4kgm
and bound to the active site. This structure is a twisted-closedwah a
~14 rotation of the AB dimer relative to the CD dimer.

(3.)1KOU [23]: structure of the rat enzyme with bound D-eritadenine, an
acyclic-sugar analog of Ado, with the cofactor in the N/sEate.

(4.)1L14 [16]: structure of the human enzyme with bound oxidized 3’-keto-
NepA, an analogue of the intermediate 4’,5'-didehydro-5-deoxy-3'-
ketoAdo, and with the cofactor in the NADH state.

(5.) 1XBE (unpublished data, Dr.s Q.-S. Li and Huang W.): structure of the
Trypanosoma cruznzyme bound to oxidized 3’-keto-NepA, an analogue
of the intermediate 4’, 5'—didehydro-5’-deoxy-3’-ketoAdo, and with the
cofactor in the NADH state.

(6.) 1Vv8B [24]: structure of th€lasmodium falciparurenzyme complexed to

the substrate Ado and the cofactor NAD

The nature of the residues involved in substrate and cofactor binding ar

crucial for understanding the catalytic mechanism of SAHH antielp design

inhibitors. These residues could be identified from the above availagle

resolution crystal structures; the importance of some of themahmeady been

verified by mutagenesis. Figure 1.3. (a and b) shows the positidmeafesidues

(E156, N181, K186, D190, N191, N80, D134 and F302) involved in binding the
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hydride to be transferred in redox reactions

J Asp 190
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ot T\snlﬂl
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F HaM, =0
o=¢ L Asn 181
Glu 156

proton to be transferred in elimination‘addition reactions

Sh_&0

Figure 1.3.(a) The residues involved in substrate binding. (Adopted from Elrod, et
al. 2002 [25]); (b) The residues involved in Hcy bindifg0, D134, F302) are
shown in yellow(Created by Molecular Operation Environment)
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substrate AdoHcy and the position of other residues located in active sitelTainle
the Appendix lists all known mutations of SAHH from human and rat esurc
including residues involved in catalysis (Redox), hinge bending, toofamding and

substrate binding (adenine/ribose/ Hcy).

1.3.1.1. The Rossmann motif and a- helix 18 of SAHH

There are two important sub-structures of SAHH, the Rossmanth fiwldlti
and a helix at the C-terminal tail, which are involved in duofadinding. An
introduction to these two sub-structures is given briefly belovail®e studies of the
roles of these two structures in cofactor association with asddation from SAHH

are described in Chapters 3 and 4.

The Rossmann motif (Fig. 1.4.) can be found in most classical maooiie
adenine dinucleotide (NAI binding proteins [26]. ItBafof unit associated with an
additional B strand forms a “core”, the minimum secondary necessary structure
bind the cofactor in this motif [27]. In addition, the first 30-35 amawads of the
“core” are a fingerprint region for the identification of dinucleotide bindirgere are
several conserved characteristics within this fingerprint semuel) a six residue
glycine-rich sequence (GXGXXG) involved in phosphate binding; 2) sixerved
positions only containing hydrophobic amino acids; 3) a conserved ndgative

charged residue and 4) a conserved positively charged residue [26]. Sihedifiea
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Figure 1.4.Rossmann motif in the cofactor-binding domain of Hs-SAHH (pdb: 1LI4)
contains twoBafaf units (one is brown, one is pink). (Created by Molecular

Operation Environment)
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six conserved hydrophobic residues are located on thefseet, the firsti-helix

and the seconfl-sheet, which form a hydrophobic core and are crucial to padkthe
sheets against thehelix in crucial secondary structure interactions [27]. Moreover, a
second repeateflofaf unit, related to the first one by a two-fold rotation, can

usually be found in NAD(P)binding proteins [27].

There are two classical Rossmann motifs seen in each sob@AHH (Fig.
1.4.): one in the substrate-binding domain and the other in the cofactangbindi
domain. The Rossmann motif in the NADinding domain has a second repeated
Bapap unit. Alignment of the fingerprint sequences (first 30-35 amindsqof the
Rossmann motif in the NABbinding domain of human and parasitic SAHHs reveals
that the two small conserved hydrophobic residues on the ffisdteet of the
Rossmann motif are conserved in Hs-SAHH and Pf-SAHH, but replagesivo
hydrophilic residues in Tc-SAHH and Ld-SAHH. The replacement tloé
hydrophobic residues by two hydrophilic residues may weaken the hydrophobic
interactions and increase the flexibility of the hydrophobie dormed by the six
hydrophobic residues and other residues, which further influences NiABing and

dissociation.

The C-terminal tail of SAHH is a flexible structure. Thé #acludes a short

helix - 18 (Fig. 1.5.), located 8 amino acid residues ahead of the last Lys among Hs-
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Figure 1.5. Top: The structure and position of helix 18 from the X-ray struattire
Hs-SAHH (pdb: 1A7A). The helix 18 located on the C-terminal imitlose to the
cofactor NAD(H) (blue) of the neighboring subunit. Bottom: Lys42éll¢yv) and
Tyr430 (purple) are on the end of the tail, which is involved in dirgetaction with

the cofactor NAD(H) (blue). (Created by Molecular Operation Environment)
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SAHH and parasitic SAHHs (Tc-SAHH, Ld-SAHH and Pf-SAHHhe residues
Lys**® and Tyf*° in the C-terminal loop of Hs-SAHH are observed close to NiAD
X-ray structures, and may form hydrogen bonds with RIA® stable helix 18 may
help to locate residues 1478 and Tyf*° at suitable positions in the NADbinding

pocket. Therefore, the relative stability of helix 18 is impdrfar determining the

differences in cofactor-binding affinity between human and parasiticresgy

1.3.1.2. Subunit interactions

Inter-subunit binding may be involved in understanding such mechanistic
features as active-site “sealing” (see above on the dimer-diotation) and also
cooperative phenomena that may be important in enzyme function (ap&eCh for
cooperativity in the kinetics of cofactor association). It has been reportdt4P@tof
Hs-SAHH, which is located on the C-terminal tail, is a resitwelved in subunit
binding. The mutant K426A of Hs-SAHH lost almost 100 % catalytivi& in both
the synthetic and hydrolytic direction. This mutant retains only 48 6 tetrameric
structure. Its cofactor binding affinity also decreased draalptitNAD™ content of
purified coenzyme is only 9 % while NADH content of purified coenzym28 %)

[28].

Moreover, there are several residues in the hinge region 2 wimaisdions

also perturb the quaternary structure, such as H353F, F356A, T363A, B63®.
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Wang-dissertation). In addition, previous data of Dr. X. Yang (unpublisstemlys
that the binding of NADto Hs-SAHH exhibits some positive cooperativity and may
be fit to a two-site model. However, there is no suggestion frorarts¢allographic
structures to explain the dimer-dimer cooperativity, since BAd-homotetramer and

the dimers AB and CD do not exhibit any structural differences [1].

1.3.1.3. Isoforms of SAHH

A random investigation of red blood cell samples from a hospital ladygrat
was performed and several polymorphic isoforms named SAHH-1 to 4 were
identified by horizontal starch gel electrophoresis [29]. SAHH-1 (SAHH; EC 3.3.1.1))
in this study is the wild type form encoded Hgmo sapiengl]. Functional analysis
shows that isoforms SAHH-2 and SAHH-3 exhibit more than 94 % tatalgtivity
of the wild type SAHH-1 and their kinetic parameters are vemylag to that of the
wild type enzyme [30]. Tracing the genetic background, a singleeoiia
polymorphism (SNP) results in one amino acid change in isoform SAHH
(nucleotide C112_T; amino acid R38W) and isoform SAHH-3 (nucleotide G377_A,
amino acid G123R) [30]. However, isoform SAHH-4 exhibits no changeeagj¢ne
level. Possible explanations for the difference between propetiSAHH-1 and
SAHH-4 might be some unknown posttranslational modifications [30]. d{ere
individuals with isoform SAHH do not report having any clinical pyoms such as

SAHH deficiency or high levels of plasma AdoHcy [29].
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1.3.2. The structure of Tc-SAHH

The SAHH of Trypanosoma cruz{437 aa and ~ 48 kDa per subunit) was
cloned and purified by former scientists in our laboratory [11]. Theesee of Tc-
SHAH shares 74 % identity with Hs-SAHH [11]. The X-ray stowetof Tc-SAHH
treated with the inhibitor Neplanocin A has been recently deternfungaliblished
data, Drs. Q.-S. Li and W. Huang). Comparison of the X-ray striscafrels-SAHH
and Tc-SAHH shows that there is no significant difference twibaem at the
structural levels of the tetramer, subunit, CBD, SBD andr@#el tail. The residues
directly interacting with the substrate and the residuesttiireteracting with NAD
are all conserved. However it was reported that parasitic ewgoch as Tc-SAHH
[11], Ld-SAHH [10] and Pf-SAHH bound cofactor NADess tightly than Hs-SAHH
(unpublished data, S. Cai), which suggests that there are somwiratrdactors

causing the differences in properties between Hs-SAHH and parasiteeszym
1.4. The catalytic mechanism of SAHH
SAHH is a hydrolase for which the catalytic mechanism thastopic of

intense earlier studies. Briefly, the catalytic reactio®AHH for human and parasite

is the reversible hydrolysis and synthesis of AdoHcy to/from Ado and Hcy.

AdoHcy + H,0O <= Ado + Hcy
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This equilibrium favors the hydrolytic directiom vivo because of rapid
removal of products - Ado catalyzed by Ado deaminase and Hcy by the
transsulfuration pathway. In contrast, this equilibrium favors théhstintdirection in

the biochemical assays vitro [1].

The total catalytic process care divided into two independent parts: a
reduction/oxidization portion and an elimination/addition part, which is shasva
cycle in Scheme 1.2[16, 31, 32]. The redox part utilizes a tightly bound
NAD*/NADH as a cofactor for hydrogen transfer. In the hydrolgsgisction, the 3'-
OH groupof substrate AdoHcy transfers hydrogen to NAWhich forms 3'-keto-
AdoHcy and NADH. The 3’-keto-AdoHcy makes its 4’-CH bond susceptible t
attack and activates elimination of Hcy from the 4’-CH bond, followgdVichael
addition of water to form 3’-keto-Ado. Tightly bound NADH returns logkn to 3’-
keto-Ado and this catalytic process is completed with Ado ralefreen the SAHH

containing the cofactor NAD

This catalytic cycle involves in two enzyme conformational char{geotein
Data Bank code 1A7A) [1, 21]: an open-closed interconversion of each mgnome
which regulates substrate binding and product release, and®aretation of one

dimer relative to the second dimer, which leads to a reduction in the volume of
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stay in an open conformation while SAHH with NADH stay in a dosenformation
for a series of catalytic reactions.
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the tetramer and may serve to “seal” the closed form. Tlade®eactive sites help to
prevent contact of intermediates with the environment during a sdrigansition

states [21, 33].

The kinetics of individual steps in the SAHH catalytic cyclesendeen
measured and a model suggested that integrates the Kkineticsyuitterat and
dynamic results, and the findings from site-directed mutagefit8js The model
emphasizes the roles of avoidance of abortive reactions and stiadmliaf transition
states in achieving efficient level of catalysis [16, 34-36]. dheme three 3’-keto
intermediates in the catalytic cycle and none of them can suexipesure to the

agueous buffer environment [16].

Any release and/or exposure of intermediates will result imtibgoroducts
and an uncompleted catalytic cycle. Instead, a tight closure ottive aite builds a
barrier of 110 kJ/mol for abortive release of intermediates, wisich 50 kJ/mol
higher than diffusional limits and decreases the rate of aborélease by fa10’
fold when the concentrations of AdoHcy, Ado and Hcy ared¥116]. In addition,
the central intermediate 4’, 5’-didehydro-5’-deoxy-3’-keto-adenoaise needs to be
protected from the nearby cofactor NADH to avoid premature riesucf the 3'-
keto group of the intermediate [16]. This 3’-keto structure of theaentermediate
is crucial for activation of the next step of Michael addition afes/Hcy to the 4',5'-

double bond. To achieve the necessary protection, residue His 301 stpfisition
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so that its side chain buttresses the cofactor NADH at a&tegreeparation from the
intermediate. The result is an apparent increase in distatwedre C-4’ (cofactor
NADH) and C-3' (substrate) of about 0.4 A [16]. The barrier for #b®rtive
reduction of the central intermediate is 86-89 kJ/mol, which is 22-24okhigher
than the barrier for productive reduction (65-67 kJ/mol). This differencbarrier
heights results in a rate of productive reduction that is fagta®-10* fold than the
rate of abortive reduction [16]. The catalysis of most steps iretition depends on
acid-base catalysis for transition-state stabilization, sb ttie potentially needed
exchange of protons with the medium would seem to be difficult incibsed
conformation. However, SAHH depends on a chain of water moleculediverde
protons between the active site and the buffer environment to maiinéasuitable

protonation states of functional residues duringctitalytic cycle [16].

Many attempts have been made to design mechanism-based inhibitors
targeting the substrate binding site and utilizing its catapatentialities, and some
progress has been achieved [1, 2, 37]. The partial “oxidative” reaction
(reduction/oxidation) and partial “hydrolytic” (elimination/additiogaction provide
two design targets [37]. Type | inactivators, which are oxidizeith¢o3'-keto form
with SAHH catalysis and conversion of NABb NADH, target the oxidative partial
reaction [38]. Neplanocin A (NepA) withKof 8.4 nM is an example of type |
inactivators and its catalytic reaction stops after oxidatidhea3’' position produces

a material that is structurally an analogue of the cemtremediate 4’, 5’-didehydro-
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5’-deoxy-3’-keto-adenosine [1, 39]. On the other hand, type Il inactivai@ ot
only oxidized in the 3’-position by SAHH but also form covalent bondk emzyme
in reactions analogous to the elimination/addition partial rea3®h For example,
(E)-5’, 6’-didehydro-6’-deoxy-6'fluorohomoadenosine (EDDFHA) is apey
inactivator by generating electrophiles at the active sitefarming a covalent bond
to irreversibly inactivate the enzyme [40]. Figure 1.6. shows tituetares of the

above two types of inhibitors and their inactivation mechanisms.

The question of approaches to drug design will be treated furtirapter 6

of this study

1.5. Scope of this dissertation

Major studies of the structure, function and catalytic mechanis®A¢tH
have been performed over the past decades. This has built the founalatienrfew
research and forms the basis of this work which involves the compaoisthe
properties between human and parasitic SAHHs. This is aimedealoping
effective antiparasitic medicines against serious human dsseaseSAHH, which
was cloned, purified and crystallographically analyzed in ourédbry, is the object
of my study which is to identify distinguishing features betwéts-SAHH and
parasitic enzymes by use of biochemical, biophysical and computaigm@aches.

The results are intended to lead to the design of selective inhibitors dgaBaHH
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as anti-parasitic agents at the traditional substrate bindingrsitew targeting sites
(e.g. cofactor binding site). Furthermore, this work includes kinetra$ mechanistic
studies of a selective compound, which deepens our understanding ofveelecti

inhibition against Tc-SAHH.

Summary of the Contents in this Dissertation:

In this chapter, the structures and functions (biological role atalytic
mechanism) of Hs-SAHH and Tc-SAHH are reviewed. In Chapter 2,b#sec
features of association and dissociation of cofactor NAD(H) t&GAdH and Tc-
SAHH are described. Chapters 3 and 4 include studies on thefrble stability of
helix 18 and the role of two conserved hydrophobic residues on th@-Ststet of
the Rossmann motif of the cofactor-binding domain in the differetdéhctor-
binding features of Hs-SAHH and Tc-SAHH, respectively. In Chager
computational alanine scanning is performed to predict the resitipestant for the
differential cofactor-binding features of Hs-SAHH and Tc-SAHRI experimental
mutagenesis is carried out to test two predicted residuegs(and a Tyr on the C-
terminal tail). In Chapter 6, the kinetics and inactivation mechawisnbavirin, a
selective inhibitor which is structurally similar to adenosinerevstudied for a
traditional targeting site in the substrate binding domain. Candsignd limitations

are described in Chapter 7.
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Appendix: Table 1.1. Mutations of SAHH from human, rat and trypano®mal

resources.
SAHH of Human or Function/ Tc-SAHH Function/
Rat Sources Location of Location of
Mutation Mutation
H54N-rat catalysis
H55A redox
C79A redox
N80S Hcy
D130N-rat catalysis
D134N Hcy
E155Q-rat catalysis
E155D-rat catalysis
E156A active
N181A active
K185N-rat catalysis
K186A active
D189N-rat catalysis
N190S-rat catalysis
D190A catalysis
N191A active
D244E-rat cofactor binding
H300N-rat
H301A redox
F302G Hcy
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SAHH of Human or Function/ Tc-SAHH Function/
Rat Sources Location of Location of
Mutation Mutation
D303S Hcy
M351P Hinge
H352N-rat
H353A Hinge
H353F Hinge
P354A Hinge
F356A Hinge
T363A Hinge
M367A Hinge
K426A Tail (Monomer) K431A Tall
K426E Monomer
K426R Quaternary
Y430F Talil
Y430A Tail Y435A Tail
R431A Talil
Hs-18Pf-SAHH: Helix 18 Tc-18Hs-SAHH: Helix 18
E411D K412N_ A416E_R417K _
A414C _Y416F D420Q _1422L
Hs-18Tc-SAHH: Helix 18
E411A K412R_ Q4150
HsATc-SAHH: B sheet-A Tc-BAHsS-SAHH: B sheet-A

V215T_V217C

T214V_C216V




Chapter 2

Basic Features of the Association and Dissociation
Processes in Comparative Kinetics of Cofactor Assoc iation

and Dissociation for Hs-SAHH and Tc-SAHH.

2.1. Introduction

The enzymes fronT. cruziandL. donovaniwere reported to bound NAD
less tightly than the human enzyme, and the enzyme fPonfialciparum was
observed to bound NADIess tightly than the human enzyme (unpublished data).
Therefore, the cofactor-binding site and its properties have leeadotus of interest
for finding those distinguishing features among these enzymegniigat permit
differential inhibition. In the present work, we have systematicaliplyzed the
comparative kinetics of cofactor association and dissociation heid temperature

dependences for Hs-SAHH and Tc-SAHH.

2.2. Methods

2.2.1. Expression and purification of Hs-SAHH and T ¢c-SAHH.
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The expression of the two enzymes was basically the sameedsysty
described [1, 2]. Briefly, in separate experiments the gene enceaihgenzyme was
inserted into the vector pPROK-1 (Clonetech, CA) and the recombinasmiols
were transferred int&. coli strain IM109. The transforméd coli cells grew in 1 L
of 2xYT medium containing ampicillin (100 mg/L) at 3Z. When the absorbance at
600 nm reached 0.4 ~ 0.8, 1 mM isopropyl-1-tpiD-galactopyranoside was added
to induce protein expression during incubation at@7or 8 h for Hs-SAHH and at

25°C for 12 h for Tc-SAHH.

The procedures for purification of the two enzymes were the sanept that
50 uM NAD" was added to the buffer before purification of Tc-SAHH. The heades
E. coli cells containing the enzyme were stored at “@0Preparation of a cell-free
extract was carried out as previously described [1, 2]. Thevenmas purified from
cell-free extract by means of four columns in an FPLC sys{@dmersham
Biosciences). The buffer during all purification processes was M0TmsHCI, pH
7.4, containing 1 mM EDTA. A typical procedure is as follows. Thefost extract
was loaded onto a Q-sepharose Fast Flow column (26/10) and the emagrakited
with 50 to 150 mM NacCl in buffer. The enzyme sample was then ghdissmigh a
Hiload Phenyl-sepharose column (26/10), a Hiload superdex 200 (16/60) column, and
placed on a MonoQ (10/10) column from which the purified enzyme was eltted

50 to 300 mM NacCl in buffer.
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2.2.2. Enzyme activity assay and determination of K  inetic properties.

SAHH activity was assayed in the synthetic direction by on&as the rate of
formation of AdoHcy from Ado and Hcy by use of HPLC as previousscdieed [3,
4]. The enzyme activity in the hydrolytic direction was detaadiby coupling the
conversion of AdoHcy to Ado and Hcy to the deamidation of Ado with casabys

Ado deaminase [4].

2.2.3. Determination of apo-enzyme concentrations b vy titration with

NAD".

Apo-enzyme was prepared as previously described [5]. All enayrdeapo-
enzyme concentrations used in this paper are given as formal catioest of
monomeric subunit. Because NADinds to both Hs-SAHH and Tc-SAHH very
tightly at 22°C (Kq below 50 nM at 22C for both enzymes), the concentration of
apo-enzyme can be determined by NAiration. To a volume of 1Ql containing
initially 40 uM of apo-enzyme were added successiveillfertions of NAD stock
solution to produce concentrations from 1.5 to 180. The solutions were then
incubated at 22C till no further increase was observed in enzyme activitya(lys

from 20 to 90 min). Enzyme activity was measured in the hydcolytiection.

Concentrations of NADwere increased to approximately 9 times the saturation value

and the enzyme concentration (monomers) was taken as equal todbetcation of
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enzyme-bound NAD under saturation conditions. At values of [NADelow the
equivalence point, the activity is equal ¥fNAD"], wherey is the activity per
occupied active site and is equal to the slope of the plot of activity vs. [NABove

the equivalence point, the slope becomes zero and the intercept befémes v

[NAD *pound Where [E}y is the total enzyme concentration expressed as monomers.
The ratio intercept/slope thus yields E]= [NAD']poun¢ The values of [Ej:

corresponded closely to the values calculated from the protein concentration.

2.2.4. Determination of rate constants for associat ion of NAD * and
NADH with apo-enzyme (apparent first-order rate con  stant K app

and apparent second-order rate constantk o).

Typically, to a 50ul solution (50 mM phosphate buffer, pH 7.4, 1 mM
EDTA) containing 2uM apo-enzyme were added successive portions ofil 5if
stock solution to produce concentrations of NA®mM 1 to 300uM. Samples were
taken for activity assay at measured times during incubatiorthet desired
temperature. The measured activities A were either convestdtiet amount of
enzyme: NAD complex or used directly in eq. 1.

A=A - (A — Aj[exp(-kapd)] 1)
Here, A is the activity measured at time t,i8 the activity at the apparent time zero
(reflecting reaction during the dead-time of the experiment)s Ahe activity at the

end of the experiment, andykis a first-order rate constant for association that
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generally will be a function of [NAL. At [NAD ] = 5 uM, A, is quite small andd,

is approximately proportional to [NAT) an apparent second-order rate constant for

the association reactionkwas therefore calculated from data at this concentration as
Kon = kapd[NAD'] and was used in the calculation of the equilibrium dissociation

constant (see below).

In the measurement ofJs for NADH, the bound NADH was monitored by a

fluorescence method as previously described [3].

2.2.5. Determination of the rate constants for diss ociation of NAD * from

Hs-SAHH and Tc-SAHH (K o).

A 200 pL solution containing 4M SAHH, 80 U/ml alcohol dehydrogenase,
30 mM 2-propanol, 2 mM NADH and 1 mM EDTA in a 50 mM phosphate buffer at
pH 7.4 was incubated at a desired temperature. Samples were taken at¢dn@assr
for determination of enzyme activity. The concentration of NADH, bindinghich
to the enzyme rendered the dissociation of NAMeversible, was in large excess
over the enzyme concentration and did not significantly change during the
experiments. As a control for thermal inactivation of the enzymme,activity of
SAHH was also determined under the same conditions as above exaeptot

NADH or alcohol dehydrogenase was present. The time dependenceatoferel
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enzyme activity (A/R) in both the dissociation experiment and the thermal
inactivation control fitted to eq (2), which is equivalent to eq (1) witk A.

AlAo = exp(-kbst) (2)

In the control experiment for loss of activity by thermal inaatton, kps =
kina, the first-order rate constant for thermal inactivation of the enzyme. Whemeather
inactivation and NAD dissociation were occurring simultaneouslysk kot = Kina +
Koft, Where kg is the apparent first-order rate constant for dissociatidwA@®”. The

rate constantd¢ for NAD" dissociation was then obtained frogs k= kot — Kina:

2.2.6. Thermal stability determinations by circular dichroism (CD)

spectroscopy.

CD spectra were measured with a Jasco J-720 spectropolareqeipped
with a Peltier temperature controller. Enzyme samples (0.Anmgn 50 mM
phosphate buffer, pH 7.4 and 1 mM EDTA) were contained in 0.1 cm pathlen
cells. A resolution of 0.2 nm and a scanning speed of 20 nm/min withrasponse
time were employed. Spectra presented are an average ettngecutive spectra.
For the thermal stability experiment, the signal at 222 nm weasuaned at 0.1 °C

intervals with use of a 60 °C/hour temperature ramp rate.
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2.2.7. Thermal stability measurements by differenti al scanning

calorimetry (DSC).

Apo-enzyme samples (2 mg/mL) were degassed under mild vafrubd
minutes before obtaining thermograms with a Microcal DSC unsnt
(Northampton, MA). A 0.9 ml solution of buffer containing 50 mM phosphateland
mM EDTA, pH 7.4, was placed in the reference cell and the apo-enggmple in
the same buffer was placed in the sample cell. Thermogram2&dm80 °C were
collected at a scan rate of 60 °C/hr. Similar scans obtainédbwiter in both the

reference and sample cells were subtracted from the apo-enzyme thensiogra

2.2.8. Determination of the equilibrium dissociatio n constants (K ) for

NAD" and NADH.

The equilibrium dissociation constants for NARvere calculated from the
ratio of the dissociation and association rate constagts-K= ko/kon, Which were

measured as described above.

The equilibrium dissociation constants for NADH were calculatech fthe
loss of enzyme activity as NADH replaces NAD the enzyme active sites. In the
absence of added NADH, the activity of the enzyme will be prigpat to the

fraction of enzyme associated with NABs in eq (3)
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A(INADH] = 0) = 0Eo{[NAD “J/(KM°* + [NAD])] 3)

wherea is a known function of the enzyme kinetics (for the hydrolyticatioa of
SAHH action,a is proportional to k{AdoHcy]/(Ky + [AdoHcy]) and [k is the
total concentration of enzyme in all forms (E and E:NADn the presence of
NADH, the activity A is proportional to a total enzyme concerdratjiven by eq
(4a),

[Ew] = [E] + [E:NAD"] + [E:NADH] =
[E:NAD*J(K{P* /[NAD '] + 1 + KMP* [NADH]/K ¢ “PH[NAD ) (4a)
so that the activity is given by eq (4b).
A = o[Ewo] / (KNP /[NAD™] + 1 + KMP* [NADH]/K ¢ *PHINAD ™)) (4b)
Combining eqgs 3 and 4b then gives eq (5):
A(INADH] = 0)/A = 1 + ([NADH]/ K {MPH)( KP*/( KdP* + [NAD™)) (5)
Because K“P* is known, non-linear least-squares fitting (Origin, Microcalpcdis

a function of [NADH] to eq (5) then yieldssR*°".

2.2.9. Inhibition of Hs-SAHH and Tc-SAHH by the NAD (H) analogs, S-

NAD" and S-NADH.

Thionicotinamide adenine dinucleotide (S-NADvas obtained from Sigma

(T7375). The reduced form of thionicotinamide adenine dinucleotide (S-NARid

prepared from the oxidized form by use of alcohol dehydrogenagzadSA-3263).
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Reduction of the oxidized form of S-NADwas followed by HPLC using the
procedure described under enzyme activity assay. Loss of adivtg-SAHH and
Tc-SAHH was monitored as above, and equilibrium dissociation constérite
thione-analogs S-NADand S-NADH were calculated by the same method used for
NADH. To determine § for S-NAD" and S-NADH, 2QuL volumes of solutions of
Hs-SAHH or Tc-SAHH reconstituted with S-NADand S-NADH (and thus
catalytically inactive) were incubated in the presence of N6 NAD" at 37 °C.
Samples were taken at desired times and the activity wasuneela The fractional
gain in activity with time was taken as equal to the fracticelaase of S-NADor S-

NADH.

2.3. Results

2.3.1. Kinetics of the dissociation of NAD * from Hs-SAHH and Tc-SAHH.

Fig. 2.1. shows the loss of fractional activity as a function of G\&NAD

dissociates from Hs-SAHH and Tc-SAHH. The data are destitby a simple single-

exponential function (eq 2) and after correction for thermal inaaivghegligible

under these circumstances) yield the dissociation consggant k

2.3.2. Temperature dependence of the kinetics of th e dissociation of

NAD* from Tc-SAHH and Hs-SAHH.
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Figure 2.1. The time course of the loss in enzyme activity at 37 °C as NAD
dissociates from Hs-SAHH (shallow curvepde kot = 5.1+ 0.1 x 10° s*) and Tc-

SAHH (steep curve,ds = ko = 4.7+ 0.1 x 10° s%). The solid lines are exponential

functions (eq (2) above).
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Fig. 2.2. presents Eyring plots of the first-order rate constagtsfdk
dissociation of the cofactor NACirom Hs-SAHH (31 °C to 45.5 °C) and from Tc-
SAHH (21 °C to 37 °C). The Eyring plots are non-linear for both eesymonsisting
of a linear low-temperature regime and a linear high-temperategime. Two
expressions [(egs (6a) and (6b)] were considered for fitting afatee corresponding
to mechanistic models treated in the Discussion Section.

Koit / (KT/h) = exp £S7/ R —AH* / RT) + exp 4S"/ R—-AH*,/ RT)  (6a)

kott / (KT/h) = [expQSTi/ R —AH* / RT)](1/1 + [expAS°i / R) —AH%, / RT]}) +
[exp (AS'h / R) —AHY, IRT)]([exp(aS% / R) —AH %, / RT]H{1 + [expaSn / R —
AH’n /I RT)T} (6b)

The expression of eq (6a), where the subsdrigenotes the quasi-thermodynamic
parameters of activation for the low-temperature regime andulb&cript h denotes
those for the high-temperature regime, corresponds to pataelciation reactions
with different activation parameters. Attempts to fit this espion to the data
produced very large errors in the adjustable parameters and tipibtdailed to
intersect some of the points. This expression produces curvattiie tha gentle to

correspond to all the data.
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The expression of eq (6b) allows for a more abrupt shift from the low
temperature to the high-temperature regime in a transitioth wquilibrium

thermodynamic parametesS’, andAH®;,. This approach requires determination of

°C 395 30.0 215
_12_
. Tc-SAHH
=
=14
= Hs-SAHH
-16_
0.0032 0.0033 0.0034
UT (KY

Figure 2.2. The temperature dependence of the rate constant for dissociation of

NAD™ from Hs-SAHH (lower curve) and from Tc-SAHH (upper curve). Tihes are

intersecting Eyring plots with the parameters given in Table 2.1.
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six adjustable parameters. Since the data sets contain only Jex&AKIH) and
eight (Hs-SAHH) experimental points, the full-scale fittirxercise is futile.
Therefore the two temperature regimes were independentdd fttt an Eyring
expression [egs (6¢) and (6d)] for each set of data.

koit / (KT/h) = exp 457/ R—AH*, / RT) (6¢)

koit / (KT/h) = exp 4S7/ R —AH*, / RT) (6d)

The values of the quasi-thermodynamic parameters of activat@ogiven in
Table 2.1.The conversion temperaturg for passage from the low-temperature
regime to the high-temperature regime is given by eq rfd) \elues are given in
Table 2.1.

To = (AH* —AH )/ (ASH, —ASH) 7)

2.3.3. Kinetics of the association of NAD ™ with Tc-SAHH and Hs-SAHH.

In contrast to the simple first-order reaction of cofactor adisgion, the
association of NAD with rat-liver SAHH has been reported [5] to exhibit biphasic
kinetics, with half of the full complement of the cofactor bindingiryuthe dead-
time of the experiment and the other half binding over about an houre(doeaons
of apo-enzyme 15.9M and NAD" 185-555uM). Fig. 2.3. shows the association

kinetics for Tc-SAHH and Hs-SAHH for M apo-enzyme (as monomers) reacting
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with 1-100uM NAD™ (further experiments, not shown, extended the range of [NAD
to 300uM). Both enzymes exhibit first-order kinetics of cofactor association at all
Table 2.1. Quasi-thermodynamic parameters of activation and conversion
temperature$' ° for NAD* dissociation from Hs-SAHH (30 °C to 37 °C) and Tc-

SAHH (20 °C to 37 °C), pH 7.4.

Enzyme ASF, AH¥ ASH, AH, To K
(J/mol-K) (kJ/mol) (J/mol-K) (kJ/mol)

Hs-SAHH  24+1 116 + 4 600 + 25 207+9 31421
(41 °C)

Tc-SAHH 170 £15 154 + 8 610 + 30 287+8  302+34
(29 °C)

#Values in the table above obtained from fits to eqs (6) and (7) dhtheshown in
Fig. 2.2.

P Temperature of intersection of the high-temperature and low-temperttios of
the temperature dependence and thus the temperature of conversion baavieen t
regimes.
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Figure 2.3. The time course of the rise in enzyme activity as NABsociates with
the apo-forms of Hs-SAHH and Tc-SAHH at 23 °C and pH 7.4. In eack,
representative curves are shown for low, medium, and high concentraftitiAsD*
(identified on the graphs by values of [NADn uM). The lines are plots of eq (8),
with parameters A(the initial activity, reflecting the fast-binding component), A
(the final activity, reflecting the sum of fast-binding and slondioig components),
and kpp (the rate constant for the slow-binding component) the values of wiilich w

be presented in figures below. Note that all three parameters rise B3][&%s.
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cofactor concentrations, with the rise in enzyme activity A upafactor binding
following eq (8), equivalent to eq. (1) above, withthAe activity at the apparent time
zero, A the activity at very long times, angdyk the first-order rate constant, all being
functions of [NAD].

A= Ar - [(Ar - Ag) exp (- kppt)] (8)

Particularly at cofactor concentrations greater than ab@,7considerable
binding occurs during the mixing period or dead-time of the experiffestitbinding
and is measured by,A The remainder of the sites is occupied more slowly with a
rate constantdg, (slow binding to produce a total final activity {Avhich is the sum
of activities generated by the fast-binding component and the-shwing

component.

A model to be presented in the Discussion Section suggests that the
magnitudes of the fast-binding component of activity the sum of fast-binding and
slow-binding components of activitysAand the rate constantpk for the slow-
binding component of activity should depend on [NABccording to egs (9a), (9b),
and (9¢), respectively.

Ao = (AY2)[[NAD 1" /(Ko" + [NAD™]™M] (9a)

A = A[[NAD /(K + [NAD])] (9Db)
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Kapp= kd{[NAD J/(Ka+ [NAD'])] (9c)
Here A is the total enzyme activity at saturating [NARfter completion of slow
binding, k is the limiting rate constant for slow binding at high [NAD is a Hill
coefficient needed to give an approximate account of apparent coapgrand K,,
Ks, and K are equilibrium dissociation constants of NAIbom three different forms
of the active site (more detail is given in the Discussioni@®c The data in Fig. 2.4.

were fit to eq (9c) resulting in the values gfakd K, shown in the figure.

The dependence of the rate constapp kn cofactor concentration for the
slow-binding reaction thus exhibits saturation above aboyiM8@or both enzymes
(Fig. 2.4.), consistent with the previous report for the rat-liver mez{6] that the
slow-binding rate constant is independent of cofactor concentrationhen t
concentration range studied by those authors (185484% Furthermore, the
affinities for NAD" of the various forms of the enzymes envisioned in the model
described in the Discussion Section are sufficiently low thatn ewken the
concentrations of enzyme (monomers) and cofactor are equahMtdnly about 20-
25% of monomers are occupied by cofactor at the end of the experisoetitat
roughly first-order kinetics are observed in this case, and mgeeotisly as the

concentration of cofactor rises (Fig. 2.3).

2.3.4. Partition between fast and slow binding of N AD" to Hs-SAHH and

Tc-SAHH as a function of [NAD .
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Figure 2.4. The dependence on the concentration of NADthe rate constants for
the slow-binding phase of the association of NAidth the apo-forms of Hs-SAHH
and Tc-SAHH at 23 °C and pH 7.4. Some obvious signs of cooperativitysfor
SAHH have been neglected and the data in both cases have beeto fitte simple
hyperbolic saturation function of eq (9c). The parameters are showhe figures

with the standard deviations of fit in parentheses.
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Fig. 2.5. shows the fractional activity produced in the fast-bindingepkeas
measured by 4 the activity at the apparent zero of time), in the slow-bindirag@h
(as measured by [A— A.]), and the total fractional activity produced in both phases
(Af), all as a function of the cofactor concentration. The total ifna&k activity
saturates at close to unity in the range of 1Q#®Dcofactor for both enzymes. The
slow-binding reaction dominates at low cofactor concentrations, singda so until
it accounts for about 80-85% of the total activity at aboupu¥Ocofactor for both
enzymes. Thereafter the fast-binding reaction increasesldative importance until
the two processes each account for half the total activity sddowmet S0uM cofactor

for Hs-SAHH and above about 30 cofactor for Tc-SAHH.

For Hs-SAHH, the fast-binding component shows extraordinary coopigrat
as evidenced by the sigmoid appearance of the fast-binding cunig.i@.& To
account approximately for this characteristic, the Hill equatieq (9a)] was
employed to fit the data in Fig. 2.4. Slow binding was described $y(8l) - (9a)].
For total binding, the simple hyperbolic form of eq (9b) was adecaade was
therefore employed. Although the sigmoid character of the fast-bircdirvg for Tc-
SAHH is less pronounced, the same three equations (eqs (9a), (9b), andeféc

also used for these data.

For Hs-SAHH, the fast-binding data yield K35 £ 1uM, n = 2.7 £ 0.2, A=

1.27 £ 0.04. The total-binding data with n effectively fixed at 1.0 yield K4 + 0.1
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Figure 2.5.The dependence on [NAPof the fractions of enzyme activity generated

in the fast-binding phase {An eq (8)), the slow-binding phase:(AA, in eq (8)),

and the total activity (Ain eq (8)). The data were obtained in the kinetic experiments
summarized in Fig. 2.3., with those at left (A) for Hs-SAHH anddtaigight (B) for
Tc-SAHH. For each enzyme, the data for fast binding, total binding, and slow binding
were independently fitted to eq (9a), eq (9b), and [eq (9b)-eq (9x)kctesely, to
obtain the parameters given in the text. Eq. (9a) was used fdvitidgtg in place of

a hyperbolic function because of the distinctly sigmoid appearanbe dfta for Hs-
SAHH; eq (9a) was then also used for consistency in treatindatiaefor Tc-SAHH,

where the sigmoid character is less pronounced.
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uM, A; = 1.01 £ 0.02. The slow-binding data yield ¥ 30 + 4uM, Ky =1.3 £ 0.3
uM, n =3.8 £ 1.4, A= 0.97 £ 0.06. For Tc-SAHH, the fast-binding data yield=K
45+ 4uM, n = 1.5 £ 0.1, A= 0.94 £ 0.04. The total-binding data with n fixed at 1.0
yield Kf = 1.5 + 0.2uM, A; = 1.01 = 0.02. The slow-binding data yield K31 + 9
uM, K = 2.0 £ 0.4uM, n = 1.7 £ 04, A= 1.13 = 0.09. Mean values of the

parameters are shown in Table 2.5. of the Discussion Section.

2.3.5 Temperature dependence of the slow-binding ki  netics of the

association of NAD * with Hs-SAHH and Tc-SAHH.

The effect of temperature on the slow-binding rate constant fociaisn of
NAD™ with Hs-SAHH and Tc-SAHH is shown by the Eyring plots in.FAg. The
rate was measured au® NAD”, where the reaction is approximately first-order in
the cofactor for both enzymes (see Fig. 2.4.), and the first oatkerconstantsk,

were divided by M to produce the second-order rate constanfddited.

On the basis of a model, developed in more detail in the Discussitiorse
in which a partial, reversible, and perhaps quite local unfolding at higher teuorpsra
deprives both enzymes of the capacity for cofactor binding, the apgantd-order
rate constantdfor cofactor binding will be given by,K1/[1 + K.n]) where k, is the
second-order rate constant for cofactor binding to the native fotheafnzyme and

the factor in parentheses is the fraction of enzyme in the native fQrheldg the
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Figure 2.6 The temperature dependence of the rate constant for the slow-binding
phase of the association of NARith the apo-forms of Hs-SAHH (upper curve) and
Tc-SAHH (lower curve). The lines are plots of eq 10 with theup&ters shown in

Table 2.2. The rate constants were obtained in kinetic experimentse okind

summarized in Figure 2.3.
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equilibrium constant for the unfolding. The temperature dependence appaeent
association constant kvill then be described by eq (10), where we take the standard-
state concentration of NAD[NAD*]ss= 1 M:
tn (kJ/T) = AS'on/ R —=AH*n / RT —tn [1 + expAS°un / R —AH %,/ RT)]

&n [NAD'Jss + tn (k/h) (10)
Here the subscript “on” denotes the quasi-thermodynamic paramesatsvation for
cofactor binding and the subscript “un” denotes the thermodynamimetas of the
reversible unfolding process. The values of these quantities\ae o Table 2.2.
The table also gives the ratiaH%,/AS’,, a rough measure of the “melting

temperature” for the structural transition under observation.

2.3.6. Equilibrium dissociation constants of NAD * from Hs-SAHH and

Tc-SAHH in the temperature range 30 — 37 °C.

From the k, and kg values at temperatures between 30 °C and 37 °C (Fig.
2.2. and Fig. 2.6.), equilibrium dissociation constants”“K for NAD" were
calculated for Hs-SAHH and Tc-SAHH (Table 2.3.). The valresof the order of
nanomolar for Hs-SAHH and micromolar for Tc-SAHH with the vatdighe ratio
(KPP 1e 1 (KP4 being about 600 at 37 °C. Table 2.3. also shows the values of

enthalpies and entropies of dissociation of NADmM the two enzymes.
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Table 2.2. Thermodynamic and quasi-thermodynamic parameters for 'NAD

association with Hs-SAHH and Tc-SAHH at temperatures in the intetvéb TC.

Enzyme ASon AH*on ASun AH%, AH®/AS
(J/K-mol) (kd/mol)  (JI/K-mol)  (kJ/mol) (K)
Hs-SAHH  -56+9 38 +3 +788+5 243 +2 308 +3
(35 °C)
Tc-SAHH  +225+ 13 118 +4  +631+8  182+2 288+5
(15 °C)
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Table 2.3.Equilibrium dissociation constants for NAErom its complexes with Hs-

SAHH and Tc-SAHH at temperatures from 30 to 37 °C

Hs-SAHH, 9604 13+1 171 31+3 AH®°=130+9
Kd“"P*, nM . . . . kJ/mol
(30 °C) (32°C) (34°C)  (37°C)
(Temperature AS’=274+9
J/mol-K
OC)
Tc-SAHH, 0.63 = 2.1x+0.2 57x0.6 19+2 AH® =378 +
Kd"P*, uM 0.04 . . . 24 kJ/mol
(32°C) (34 °C) (37 °C)
(Temperature| (30 °C) AS’=1131 +
83 J/mol-K.
OC)
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2.3.7. Kinetics and thermodynamics at 37 °C of the  association with and

dissociation from Tc-SAHH and Hs-SAHH of NADH.

The equilibrium constants &*°" for dissociation of NADH from its
complexes with Hs-SAHH and Tc-SAHH were measured by congetitetween
NAD™ (with dissociation constants given in Table 2.3.) and NADH, as idescr

above. The values are 5.0 + 0.1 nM for Hs-SAHH and 69 + 6 nM for Tc-SAHH.

At concentrations of NADH below @M, the association rate with Hs-SAHH
is first-order in NADH so that the rate constagt éould be measured as 1940 + 90

Ms? for Hs-SAHH and 930 + 90 Ms* for Tc-SAHH.

The dissociation of NADH from Hs-SAHH is too slow to allow meament
of the rate constant for dissociatiog bout kyx can be computed fromR*°"ko, as
9.7 + 2.0 x 10 s*. A similar calculation for Tc-SAHH vyields 64 + 10 x 16", while

a direct measurement, which is possible here, yields 69 + 8 €10

2.3.8. Thermal stability of the apo-forms of Hs-SAH  H and Tc-SAHH.

Melting temperatures were determined both by DSC and CD fdahémmal

unfolding of the two proteins. The values for apo-Hs-SAHH are 44.9 ¥ (®SC)

and 44.2 + 0.4 °C (CD) and for apo-Tc-SAHH are 53.0 £ 0.4 °C (DSC) and 52.8
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0.4 °C (CD). At temperatures below these values, apo-Hs-SAHi4 lts capacity to
bind NAD" (and thus become an active catalyst) more rapidly than doe$capo
SAHH (at 22 °C, Hs-SAHH loses this capacity completely wionhr, while Tc-

SAHH still retains half of its capacity at 90 hr).

2.3.9. Evaluation of the NAD * and NADH analogs S-NAD * and S-NADH

as selective inhibitors for Hs-SAHH and Tc-SAHH.

S-NAD" and S-NADH, the side-chain thione analogs of the natural cofactors,
were tested for their ability to inhibit AdoHcy hydrolaseatyi Hs-SAHH and Tc-
SAHH, reconstituted with S-NAD show about 1% of the activity of the NABbrm
and the S-NADH forms of both enzymes show no measurable activity. The
association and dissociation rate constants and equilibrium disso@afistants for
S-NAD" and S-NADH with Hs-SAHH and Tc-SAHH at 37 °C are summarined
Table 2.4. As a test of the relative efficacy of these suledaas inhibitors of Hs-
SAHH and Tc-SAHH, the enzymes (both in their active NA®ms) were exposed
to 50 UM S-NAD or 20 uM S-NADH in the presence of 50 pM NAD simulate
roughly the estimated [6] 70 uM levels of NAI vivo (Fig. 2.5.). Hs-SAHH was
affected very little (2% inhibition with each inhibitor) in thesti5 min, during which
Tc-SAHH lost 45% of its activity with S-NADor 52% with S-NADH. Apparent

equilibrium was reached for Tc-SAHH at 10-20 min of exposure with all actosty |
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Table 2.4.Rate and equilibrium constants for the association and dissociatien of

NAD™ and S-NADH with Hs-SAHH and Tc-SAHH at 37 °C

Enzyme Ligand ko (Ms) 10k (Y Kq (NM)
S-NAD" 4153 + 303 162 £ 11 391

Hs-SAHH S-NADH 4000 = 712 148 + 26 371
S-NAD" 356 + 29 5450 + 300 15,300 + 9,000

Tc-SAHH S-NADH 467 =59 304 £ 26 651 £ 60

Talculated as §& / Ky
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in the presence of S-NADH and about half lost in the presen@MNAD’. The

apparent equilibrium for Hs-SAHH is reached only after 12 h of incubation.

2.4. Discussion

2.4.1. Kinetics of the dissociation of NAD * from Hs-SAHH and Tc-SAHH.

The data presented in Fig. 2.1. and Table 2.1. show that the dissociation of
four equivalents of NAD from the four active sites of homotetrameric SAHH
proceeds by a simple first-order reaction, making no distinatioate of dissociation
among the four active sites. The loss of cofactor thus exhibits pparent
cooperativity. The rate constants for dissociation are substani@atier for Tc-
SAHH than for Hs-SAHH: for example, at 37 °C, dissociation froce'SAHH is

approximately 90-fold faster (caption of Fig. 2.1.).

2.4.2. Temperature dependence of the kinetics of th e dissociation of

NAD* from Tc-SAHH and Hs-SAHH.

Figure 2.2. shows that the rate constants of NABsociation in the cases of
both Hs-SAHH and Tc-SAHH generate non-linear Eyring plots. Tpevard
curvature or “bowl shape” of these two plots can arise from a nuofilseurces. The

possible explanations are not always practically or even thesdhetdistinguishable
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but a reasonable hypothesis would be that a structural chatige enzyme as the
temperature is changed affects the activation parametetsefdissociation reaction.
Attempts to describe the temperature dependence simply by tatbepaoutes of
dissociation with different activation parameters were unsultde$ée data are too
sparse to evaluate in detail the hypothesis of a thermally indtizcedural transition,
but some comments on the activation parameters in the high-teorpeaatd low-

temperature regimes can be made.

As Table 2.1. shows, the value ®fi* along the low-temperature limb of the
Eyring plots is 116 kJ/mol for Hs-SAHH and 154 kJ/mol for Tc-SAKH,that if
entropic contributions were equal the cofactor would dissociate frei8AHH 4 x
10P-fold faster than from Tc-SAHH at 300 K. In fact the valuea8f along the low-
temperature limb of the Eyring plots are +24 J/mol-K for H$48kand +170 J/mol-
K for Tc-SAHH, a difference that, taken alone, would confert@ advantage of 4 x
10’-fold on dissociation from Tc-SAHH over Hs-SAHH. The entropic cbntion
thus more than overcomes the enthalpic contribution so that disso@étidAD”
from Tc-SAHH is faster than from Hs-SAHH by roughly 10-fald the low-

temperature regime.

Along the high-temperature limb of the Eyring plots, the vahfesH* and

AS' for the two enzymes are within experimental error of eachr ¢the note the

long extrapolation of a few points to obtain the values). Phenomendlggica
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dissociation occurs from Tc-SAHH more rapidly than from Hs-SAbHactors in
the range of 10-100-fold, and indeed the mean values ofAtéttand AS* favor a
more rapid dissociation from Tc-SAHH by factors in this rar@@ee feature of the
data is that the conversion temperature between the thermaksggumich is given
by eq (7) above, is considerably higher for Hs-SAHH (about 41 k&) for Tc-
SAHH (about 29 °C). The result is that at 37 °C, Tc-SAHH has ethtdre high-
temperature regime and the rate constant has been increapidly with
temperature while Hs-SAHH remains in the low-temperaturgnesgwhere the rate
constant is not increased as much by the rising temperatur@7 AiC then,

dissociation from Tc-SAHH is about 90-fold faster than from Hs-SAHH.

The large increase in the values of the entropies of activatiatigsociation
of NAD™ from both enzymes as the temperature rises through the ragge46f°C
may suggest that the faster dissociation rates at high@etatares derive in part
from an increased mobility in the apo-enzyme of the unoccupied bindandos
NAD®. The fact that the conversion temperature is lower for Tc-SAuddld then
suggest that the ease with which the increased mobility céimebmally induced is

greater for Tc-SAHH.

2.4.3. Observed kinetics of the association of NAD ¥ with Tc-SAHH and

Hs-SAHH.
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The association process, in contrast to the dissociation procesarsappe
kinetically complicated, as shown above in Figs. 2.3., 2.4., and 2.5. Thea#issoci
processes for Hs-SAHH and Tc-SAHH show qualitatively sinblar quantitatively
different characteristics, as measured by the appeardneezgme activity when

NAD" becomes bound in the active sites.

For each enzyme, there is a fraction of occupatignfAhe total binding that
occurs during the dead-time of the experiment, and depends uratisgt manner on
[NAD]. A first-order time-dependent fraction of binding with rate canstep, then
follows and kp, also depends in a saturating manner on [RJADhe total fraction of
binding A at the end of the slow-binding phase depends in a saturating manner on
[NAD'] and corresponds to full occupancy of all active sites at high toofac
concentrations. All three kinetic parameters of binding,A, and kg, thus exhibit
saturation behavior with cofactor concentration but the half-sataratincentrations

of cofactor are different in each case (Figs. 2.4. and 2.5.).

Fig. 2.5. also shows that the fraction of activity generatetidglow-binding
phenomenon (A— A,) exhibits a particularly complex dependence on [NAMRt
low [NAD?], the slow-binding fraction rises sharply until it accounts faremnthan
80% of the total binding. Thereafter, it falls as the fast-bindiacfibn increases until
at high [NAD'] (>60 uM for Hs-SAHH and >20@:M for Tc-SAHH), both the slow-

binding and fast-binding phenomena account for roughly half of the enzyme activity.
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2.4.4. A Model for the kinetics of association of N AD" with Hs-SAHH and

Tc-SAHH.

A model that accommodates these observations is depicted in Figts2.7. |
basic assumption is that apo-SAHH from both species, before egpmsaofactor,
contains two equally populated classes of active sites. Upon intradwdtcofactor,
all sites can and do bind NADapidly, but in one class of sites (dissociation constant
K,) binding of NAD™ generates a fully functional active site, while in the otthass
of sites (dissociation constant)kbinding of NAD™ generates no enzyme activity.
Thus the initial activity A (see Figs. 3, 4, 5 and eqs (9) above) is given by the total
population of potentially functional sites (&) multiplied by the fraction of these
sites occupied at a given [NAD= N, i.e., N/(Ko" + N"). The Hill-equation
formalism allows for the sigmoid character of the N-dependehég visible in Fig.

2.5. In Fig. 2.7., the initial situation is portrayed by the left-haod and the

expression for Ais given below the box.

Binding at the non-functional sites, although tighter than to the potgntial
functional sites, generates no activity. Binding of the cofact@urh a site does,
however, initiate a time-dependent process (rate constann kwhich the non-
functional sites, occupied to a fractional extent (N/{K N) of their total, are
transformed -along with their partner sites whether or not the latter are occupied

into pairs of active sites both of which are potentially fully catalyticatiyve when
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Figure 2.7. Speculative model for association and time-dependent activation of apo-
SAHH by binding of NAD. The tetrameric apo-enzyme molecule is assumed to
contain two classes of binding sites in equal amounts, the molduude being
represented by a square-circle figure. The box at left septe the situation during

the fast-binding phase. Upon introduction of the cofactor, representbeé batter N,

both classes of sites are assumed to become wholly or paotalipied as shown in

the box at left. The circle-sites are assigned a cofalissociation constant Kand

are assumed fully capable of catalysis when occupied. The sgjter@re assigned a
cofactor dissociation constant, End they are assumed incapable of catalysis whether
or not they are occupied by N or not. Equilibration of binding occursmilig dead-

time of the experiment and constitutes the fast phase of gemewti catalytic
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activity, which arises solely from the occupied circle-sifés initial activity is then
equal to A as shown below the box at left. The box at right representsttagian
following the slow-binding phase. During the slow phase, those sp#xae contain
N bound into a square-site undergo a reorganization in which the occupieetsiteia
and the adjacent circle site, whether occupied or ao#, converted to oval-sites as
shown at right. Oval-sites have the same catalytic actigtgiele-sites, but their
substrate affinity is greater so that, as shown, more sgaspidly occupied, as they
become oval-sites. The reorganization is driven by the fractioncofpead square-
sites, thus occurring with rate constagiKK, + N). Because the reorganization is
irreversible, the entirety of the enzyme will be converted dutiegslow phase. The
resulting enzyme equilibrates rapidly with free N, with atesinow having a
dissociation constant(KThe final activity is then given by the expression shown

below the box at right. The three equations in the figure are eqs 9a-9c of the text.
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occupied by cofactor. This slow-binding phase leads to a functidmathptetrameric
enzyme with equilibrium constant for dissociation of NAD from any of the active
sites. This form of the enzyme is in rapid, reversible cofdututing equilibrium at

all active sites.

The situation at the end of the slow-binding phase is representeg. iB.Fi
by the box on the right-hand side. Since binding at all sitesovg rapid and
reversible and because (a)<KK, < K, so that all sites at the end of the slow phase
have greater cofactor affinity than any site before the glbase, and (b) the slow
phase leads to the generation of two potentially functional siteiglofaffinity where
only the non-functional partner was occupied initially, the overshoot pherom
results at low cofactor levels. At low NADevels, the occupancy of the initially
functional sites is low (especially as a consequence of the redivgg in their
occupation), and the occupancy of non-functional sites is relativety Tlge highly
occupied non-functional sites then transform along with their pastte= into fully
functional sites of still higher affinity. These factors congbito generate the

overshoot characteristic.

The expression over the arrow describes the N-dependengg, (fFig. 2.4.)

and the expression below the right-hand box describes the N-dependéndéig.

2.5).
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The values of the parameters of the model, as can be understood from Fig. 2.7.
and eqgs (9), are given in Table 2.5. The values were obtainedity &t the data of

Figs. 3, 4, and 5 to egs (9) as described in the Results section.

To put into quantitative terms the description given above, fast binding of

NAD™ within the dead-time of the experiment occurs to potentiallytiomal sites
from which the dissociation constang i§ 33uM (Hs-SAHH) to 38uM (Tc-SAHH).

At the same time, sites with no catalytic capacity buttgresfinity (K, = 19uM for
Hs-SAHH, about 4uM for Tc-SAHH) are rapidly occupied. A time-dependent
conversion then ensues of these sites (and their partner bgdsewoccupied or not)

to fully active sites (k about 10-fold larger for Hs-SAHH and corresponding to
characteristic times of about 20 s for Hs-SAHH and 3 m foBAEHH). At the end of

the time-dependent phase, all active sites have the samdyaathd dissociation

constant (1.4-1.5M for both enzymes).

The qualitative character of the cofactor-association proseggisame for
both enzymes, and some quantitative features are similar. Fomplexatme non-
functional sites of the apo-enzyme bind cofactor about twice &slytigs the
functional active sites for Hs-SAHH and 10-fold as tightly for Tc-SAHHis feature
contributes to the overshoot of the slow-binding reaction (Fig. 2.5.)ubecaore of
the non-functional than the functional sites are initially occupiéoke important,

however, is the fact that each occupied non-functional site le&as tonctional
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Table 2.5.Values of rate and equilibrium constants in the kinetics of theafas

slow binding phases of the association reaction of NADh Hs-SAHH and Tc-

SAHH at 23 °C and pH 7.4, according to the model of Figure 2.7.

Ko, M Ka M Ks, uM Ka S™ ko/Ka M™s™
Enzyme binding to fully  bindingto binding to fully  transformation of binding and
functional sites non- functional sites apo-sites to transformation of
of apo-SAHH  functional  of holo-SAHH  functional holo-sites apo-sites to holo-
sites of sites
apo-SAHH
334
Hs-SAHH n= 19+8 14+03 55+08x10 29+1.2x16
3.3x14
38+9
Tc-SAHH n= 38+ 18+04 6.0+02x10 1.6+0.3x16
0.6
16+04

74



sites of high affinity in the final enzyme, and thus the slow pbasges to account
for 80-85% of the final activity at [NAL below the saturation values for the

functional active sites.

These qualitative features apply to both enzymes but quantitasiwections
exist. The achievement of final full activity occurs about 10 tifeesder for Hs-
SAHH, as already noted. Furthermore, the rates of cofactor diisocare quite
different for the two enzymes, as will be discussed below, and botinese

distinctions may be of some importance.

It should be noted as well that the values @f tke apparent dissociation
constants of NAD corresponding to a period about 30 to 60 min after mixing of apo-
enzymes with cofactor, are of the order of i\ (23 °C) for both Hs-SAHH and Tc-
SAHH (Table 2.5.). When the dissociation constants of NA®2 instead calculated
as the ratio of dissociation and association rate constants, tlexialies rate
constants obtained from fully reconstituted enzyme that has not emlgleted both
phases of binding but thereafter undergone further maturation for some drours
more, K*P* for Tc-SAHH remains about the same ([l at 30 °C: Table 2.3.). In
contrast, the K" for Hs-SAHH is around 10 nM at 30 °C, roughly 100-fold
smaller than K These results seem to indicate that the loose binding observed for Tc
SAHH after 30 to 60 min persists and represents the final thgmaodc equilibrium

binding, while with Hs-SAHH, a further change in the strength of binding occurs ove
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some hours, resulting in a further 100-fold increase in the strengttofattor

association with Hs-SAHH.

2.4.5. Temperature dependence of the slow-binding k inetics of the

association of NAD * with Hs-SAHH and Tc-SAHH.

The data of Fig. 2.6. were obtained atNd NAD™ so that for Hs-SAHH (K=
19 uM at 23 °C: Table 2.5.) the apparent second-order rate consgtatréughly
equal to k/K,, a constant similar to.J¢Ky in enzyme catalysis. For Tc-SAHH (kK
4 uM at 23 °C: Table 2.5.), the situation is not so simple; the phenomecallogi
observation that kin the neighborhood of mIM NAD™ remains proportional to
[NAD '] for Tc-SAHH leads us to treat it as roughly equal #¢Kk. Fig. 2.6. shows
that at low temperatures the observedikabout the same for the two enzymes.
Extrapolating to 23 °C gives a value near 1500s® not so different from ¥Ka

(2900 M's™ for Hs-SAHH, 1600 Ms* for Tc-SAHH: Table 2.5.)

As already noted, the “dome-shaped” temperature dependences. iB.G:i
can arise from a model in which rising temperature on the one harghses the
value of the rate constant/K, while at the same time increasing the fraction of
protein that has undergone an at least partial, reversible unfetdendorm that can
no longer bind the cofactor (equilibrium constanf 80 that, as above, k kon(1/[1 +

Kunl) with ko, being approximately equal tg/Ko.
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As can be seen both from Fig. 2.6. and Table 2.2., the quasi-thermodynamic
parameters of activation fogkare different for Hs-SAHH and Tc-SAHH The values
of AH* (kJ/mol) are approximately 38 and 118, respectively, and the valusS*of
(J/mol-K) being about -56 and +225, respectively. The low-temperatoips bf the
temperature dependences for the two enzymes do nearly superimposmlybut
because the enzyme with the more favorable enthalpy of achv@is-SAHH) also
has the less favorable entropy of activation. The combination ofa#l enthalpic
barrier with a negative entropy of activation for Hs-SAHH wdagdconsistent with a
transition state for Hs-SAHH that comes after the developofemtonsiderable part
of the binding interactions between cofactor and protein (low enthalpy iioenation
of binding energy, negative entropy from rigidification of segmeftprotein and
cofactor structures). The combination of a larger enthalpicdsanith a positive
entropy of activation for Tc-SAHH would be consistent with a ttaorsstate for Tc-
SAHH that comes at a point where desolvation of the cofactoadhamced to some
degree (thus high enthalpy from loss of solvation energy, positive gntrom
liberation of water molecules) but few protein-cofactor intéoast have developed,
and thus the liberation of binding energy and rigidification of strectannot cancel

the contributions just described.
The thermodynamic values for the equilibrium constant of the pcsdulat

unfolding phenomenon are not extremely different for Hs-SAHH an&AlH

[AH%,, (kJ/mol) about 243 and 182, respectively, as,, (J/mol-K) near +788 and
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+631, respectively: Table 2.2.]. The ratia$i®,/AS,» of these values lead to
“melting” temperatures for the corresponding unfolding proces850fC (Hs-
SAHH) and 15 °C (Tc-SAHH), not far from the temperatures athwtiie two Eyring
plots exhibit maxima (34 °C for Hs-SAHH, 17 °C for Tc-SAHH: Ri&5.). It should
be noted that this “melting” doe®t correspond to global unfolding of the enzymes,
which occurs around 44-45 °C (Hs-SAHH) and 52-53 °C (Tc-SAHH). Thisestig)g
a more local phenomenon is adversely affecting the capacityeaérizyme to bind

the cofactor.

The maxima are not expected to occur at the global “meltexgiperatures
but rather at the temperature for which the local unfolding prdesgiss to dominate
the rate process in determining the value &file., the temperature Ik for which
d[en(ky/T)])/d(1/T) = 0. From this requirement, it emerges that.gf, the fraction of
locally unfolded protein [K.™®(1 + Ku™Y] = AH*o/AH . This fraction is 0.19 for
Hs-SAHH and 0.61 for Tc-SAHH, yielding values of.4 of 0.23 (Hs-SAHH) and
1.6 (Tc-SAHH), whence fax (= [AH%W(AS un - REN[Kmad)]) is found as 34 °C (Hs-
SAHH) and 16 °C (Tc-SAHH) in good agreement with the obsematof 34 °C for

Hs-SAHH and 17 °C for Tc-SAHH.

2.4.6. Equilibrium dissociation constants of NAD * from Hs-SAHH and

Tc-SAHH in the temperature range 30 — 37 °C.
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In this limited temperature range where the on-rate constardsoff-rate
constants for both enzymes exhibit linear Eyring plots, effecggeailibrium
dissociation constants can be calculated for NAable 2.3.). They are substantially
larger for Tc-SAHH than for Hs-SAHH, the ratio ranging fré& at the low end to
613 at the high end of the temperature range. The lower relatingyadf Tc-SAHH
for the oxidized cofactor derives from the cancellation of enthapid entropic
factors. There is a much greater enthalpy cost of dissamtittm Tc-SAHH (greater
by 248 + 25 kJ/mol) but this is combined with a larger entropic adyariar
dissociation of NAD from Tc-SAHH (greater by 263 + 25 J/mol-K). The increased
affinity of several hundred fold shown by Hs-SAHH thus arises trosicancellation

of two very large and opposite contributions.

For both enzymes, the enthalpy of dissociation of NAgDpositive and the
entropy of dissociation of NADis positive. This result is expected for the enthalpy
because the attractive interactions of the cofactor withbiitgling site must be
ruptured upon dissociation. The observed result is also expected for tbpyent
because two particles are generated from one (a minor contributidnpexause
rupture of the binding interactions allows increased freedom of muatitiin both
cofactor and enzyme molecules. One interpretation of the mudar laatyes of both
the enthalpy and entropy terms for Tc-SAHH than for Hs-SAHH avdad that a
substantially greater mobility of the unoccupied cofactor-binding sit apo-

TcSAHH would require a larger entropy loss to fix in place émzyme structural
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elements that bind to the cofactor (thus a larger entropyogadissociation) but that
the same mobility would permit the development of a more favorablef §ending
interactions, producing a larger release of energy upon binding ardea Energy

cost of dissociation. This subject will be addressed in later papers in this series

2.4.7. Kinetics and thermodynamics at 37 °C of the  association with and

dissociation from Tc-SAHH and Hs-SAHH of NADH.

The association rate constant for NADH is about twice as fargds-SAHH
(1940 M's?) as for Tc-SAHH (930 Ms?), while the dissociation rate constant is
smaller by about six-fold, resulting in a lower NADH-affinftyr Tc-SAHH relative
to Hs-SAHH by about 14-fold. This difference is somewhat smtikan was true for
NAD™ (600-fold tighter with Hs-SAHH), which results from the féwat the affinity
of Hs-SAHH for cofactor is roughly the same whether the atofais oxidized or
reduced (in the range of nanomolar in both cases), while the yaffinitc-SAHH for
cofactor is much greater for the reduced form (a bit over nanontbkan for the

oxidized form (roughly micromolar).

2.4.8. Thermal stability of the apo-forms of Hs-SAH  H and Tc-SAHH.

As has already been mentioned, the global unfolding of apo-Hs-SAElisoc

at a temperature approximately 10 °C lower than for apo-Tc-SATtirhbined with
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the observations above that the two enzymes have differing affirfitie both
oxidized and reduced cofactors, and that in the case of the oxidizertarpthese
difference arise from large and opposing differences in entlsafrid entropies of
association and dissociation, the difference in overall thermalistdavoring Tc-
SAHH may signal differences in the dynamics of the cofdmitmiing sites. Since we
can detect no structural differences in this region of the eez\{ompublished data,
which refer to the enzyme with NADH and oxidized substrate-areddgyands) the
dynamical differences may allow the nucleation of the global umiglgrocess in the
cofactor-binding region, at a lower temperature for Hs-SAHHh ttoet Tc-SAHH.
This could reflect a greater thermal mobility for the cofadite in Hs-SAHH,
allowing it to adapt to the cofactor as it binds, leading to stroai§eity. This would
conflict, however, with the larger entropy of dissociation shown B$AEH, so the

matter is almost certainly more complicated than this view.

2.4.9. Evaluation of the NAD * and NADH analogs S-NAD * and S-NADH

as selective inhibitors for Hs-SAHH and Tc-SAHH.

The comparative inhibitory effect of S-NA@Rnd S-NADH on Hs-SAHH and
Tc-SAHH (Fig. 2.8., Table 2.4.) does not depend only on their relafivetyafor the
two enzymes, which is nearly 400-fold greater for Hs-SAHH @& dase of S-NAD
and nearly 20 times greater for Hs-SAHH in the case oABH Instead the major

factor is the exposure of an empty cofactor binding site to the environment, which
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Figure 2.8 Loss of activity of Hs-SAHH (top curve, for 30 S-NAD" and for 20
uM S-NADH) and of Tc-SAHH (middle curve, 5M S-NAD", and lower curve, 20
uM S-NADH) in solutions containing g4M enzyme and 5@M NAD™ at 37 °C, pH

7.4. Errors were calculated from two independent measurements.
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occurs by dissociation of NADwith a rate constant at 37 °C for Hs-SAHH of 5.8 x
10° st and for Tc-SAHH of 4.7 x IHs?, a factor (as noted above) of about 90-fold
faster for Tc-SAHH. The exposed site is then competitivelgpted by the inhibitor
and the cofactor. The dissociation is probably the rate-limgteg and the half-life
of dissociation (about 2.5 min from Fig. 2.2.) should match the halGfii@hibitor
binding as is found, the latter being (Fig. 2.8.) about 2.5 min for binding of$oth
NAD™ and S-NADH. As Fig. 2.8. shows, the difference between the two inlsitior
that S-NADH is capable of displacing NARBNnd generating complete loss of activity.
This is consistent with the substantially greater affinityTofSAHH for S-NADH

than for S-NAD (nearly 25-fold from Table 2.4.).

These data thus suggest that the faster off-rate of cofaotor Tc-SAHH
could be exploited to design inhibitors that bind rapidly to the cofaiterof Tc-
SAHH but only far more slowly to Hs-SAHH. Such inhibitors could bghlyi
selective for the parasitic enzyme on the basis of the &ipatperties of the parasitic
and human enzymes even if, as seen here, the human enzyme has argerch |

equilibrium affinity for the inhibitor (greater by 400-fold in this case).

2.5. Conclusions.

The equilibrium and kinetic properties of association and dissociation

cofactor by Hs-SAHH and Tc-SAHH are qualitatively similBoth enzymes bind
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NAD™ in a complex scheme that behaves as if the apo-enzyme hasitvesically
equal classes of sites that bind cofactor and generate catatywvity either very
rapidly (less than a minute) or quite slowly (over 30 min). Both mesyundergo
dissociation of NAD from all four sites in a single first-order reaction. Batizygnes
exhibit the “dimer of dimers” structurd (11 in which the homotetramer is made up
of two pairs of monomers, and within each pair of monomers, a C-téregigaent
from each partner penetrates into the other partner subunit and forinsf plae
cofactor binding site. These two communicating active siteg timus correspond to
the two classes of active sites required in the kinetic model for bindingaotiaat is

discussed above.

The quantitative properties for cofactor association and dissociaitibis-
SAHH and Tc-SAHH are very different. The equilibrium affindafy Hs-SAHH for
NAD™ and NADH are both in the nanomolar range, while the equilibriumitffof
Tc-SAHH for NAD' is in the micromolar range and its affinity for NADH istire
nanomolar range, not far from the NADH affinity of Hs-SAHH. Hhaw binding of
NAD™ by both enzymes exhibits saturation kinetics with respect tocolfector
concentration but binding to Hs-SAHH has a maximum rate constamich0.06 S,

while the rate constant for binding to Tc-SAHH levels out at 0.006 s

The dissociation rate constants for NABhow a complex temperature

dependence with both enzymes, but the cofactor always dissociates morefrapidly
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Tc-SAHH than from Hs-SAHH, the ratio being around 80-fold at 37 °Gs Tdature
presents an opening for selective inhibition of Tc-SAHH over Hs{3AH
demonstrated with the thioamide analogs of NARd NADH, which inactivated Tc-
SAHH to the extent of 60% (NADanalog) or 100% (NADH analog) within 30 min,
while inhibition of Hs-SAHH approached 30% only after 12 h. The following
chapters in this series will present information that illummalbe structural features

of Hs-SAHH and Tc-SAHH that are responsible for these differences.
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Chapter 3

The Role of the Differential Stability of Helix a-18 in
Comparative Kinetics of Cofactor Association and

Dissociation for Hs-SAHH and Tc-SAHH.

3.1. Introduction

The X-ray crystallographic structures of Hs-SAHH [1],9AKHH [2] and Tc-
SAHH [3] indicate a unique binding site for the cofactor, composegdam by
elements of a penetrating C-terminal extension from an adjacénimnit. The C-
terminal extension is crucial in maintaining the activity ajucternary structure of

SAHH [4, 5].

Although direct interactions between the cofactor and polypeptidevthat
normally be considered key interactions, including the interactioitls the C-
terminal extension of the adjacent monomer, are generally eeaser the human
and parasitic enzymes, significant differences in the kinetidstteermodynamics of
NAD" binding among the human and parasitic enzymes have been observed [6-8].
Our previous work indicated that there may be some local elsmeat the cofactor
binding site which play an important role in NABinding [8]. Helix 18 (Fig. 3.1.),

for example, terminates in a loop containing residues that interact witii NABis
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Figure 3.1 Above: the dimeric assocation of two monomeric subunits (red and
green) within the tetrameric structure of Hs-SAHH (PDB 1A7#howing the C-
terminal extensions containing helix 18 which penetrate into theeadjasubunit.
Helix 18 is relatively near the cofactor (blue) and relatiekégant from the substrate
(yellow substrate-analog structure). Below: Detail of thexhEli region in Hs-SAHH

and Tc-SAHH (PDB 1XBE), showing the C-terminal loop that procdema helix

18 and interacts with the cofactor.
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paper, we present information that supports the hypothesis that I®lis an

important element for human-parasitic distinctions in cofactor binding taHsAH

3.2. Methods

3.2.1. Site-directed mutagenesis.

All mutants were created by site-directed mutagenesiR. PEach
amplification reaction contained the following in a volume of 50 puLp2®I of each
primer, 20 nmol of each deoxynucleoside triphosphate, 20 ng of teriyN#te6 pL
of 10x Pfu DNA ploymerase buffer and 3U Pfu DNA polymerase {&jeme).
Sequences of primers used for site-directed mutagenesis were:
5-GCTAACTGATAACCAATGCCAGTACCTGGG-3’ and
5-CCCAGGTACTGGCATTGGTTATCAGTTAGC-3 for Hs-SAHH,
5’GACGAAGCTCACCGAGAAGCAGGCGCAGTACCTCGGCTGCCCCGT-3'&
5-ACGGGGCAGCCGAGGTACTGCGCCTGCTTCTCGGTGAGCTTCGTC-3'for

Tc-SAHH.

After 4 min of heat start step at 92 °C, 25 cycles of the foligwirogram

were initiated: 20 second at 92 °C, 30 second at 55 °C and 20 & °&. PCR

products were purified with PCR purification kit (Qiagen). Afteated with Dpn |
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(Biolab), the PCR products were transformed into BL21(DE3goli (Stratagene).

The sequences of mutant genes were confirmed by DNA sequencing.

3.2.2. Expression and purification of Hs-SAHH, Tc-S AHH and their

mutants.

The expression of Hs-SAHH, Tc-SAHH and their mutants was dlgsihe
same as previously described [6, 7]. The transforBhedoli cells grew in 1 L of
2xYT medium containing ampicillin (100 mg/L) at 8€. At ODseo= 0.4 ~ 0.8, 1
mM isopropyl-1-thiop-D-galactopyranoside was added to induce the protein
expression at 37C for 8 h for Hs-SAHH and its mutant, and at®25for 12 h for Tc-
SAHH and its mutant. The procedures for purification of these erzymeee the
same except that 50M NAD" was added to the buffer in the case of purification of

Tc-SAHH and its mutant.

3.2.3. Temperature-dependent fluorescence spectrosc  opy of Tc-SAHH
and Tc-18Hs-SAHH in the presence of 8-anilino-1-nap hthalene

sulfonic acid.

Fluorescence emission spectra of holo-Tc-SAHH and its mutantTioelo
18Hs-SAHH (5.15uM) in a solution containing a molar ratio of 12:1 ([dye]:

[monomer]) of 8-anilino-1-naphthalene-sulfonic acid over protein warained
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using a QuantaMaster™ spectrofluorometer (PTI, Monmouth Junction, N8). T
excitation wavelength was 372 nm and the emission was monitored at80er a

range of temperature from 15 to 77.5 °C at 2.5 °C intervals.

3.3. Results

3.3.1. The stability of helix 18 in SAHHs, estimate d from helix
propensities, is greater for Hs-SAHH than for Tc-SA  HH, Ld-SAHH,

and Pf-SAHH.

The helix propensity of each helix 18 is the sum of the helix propensities of all
residues in the helix (Fig. 3.1., Table 3.1.). A good measure of thepgnepensity of
a residue is the relative frequency with which the residygrasent in helices, as
calculated by Kallberg, et al, from a non-redundant set of preegences with
known three-dimensional structures (1324 proteins, total of 269,058 amino acid
residues) by PHD (profile network from HeiDelberg) [8, 9]. ikgropensity values
are typically used to predict secondary structure. Here, hoyweepresume that a
helix with a higher total helix-propensity value may be more stabld therefore
show less mobility and flexibility. As shown in Table 3.1., the helbppnsities of

helix 18 in Hs-SAHH and Pf-SAHH are the highest and the lowest, respectively.

3.3.2. Generation of SAHH mutants with altered stru  ctures of helix 18.
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Table 3.1.The sequences and total helix propensity values for helix 18 oAH$S
Tc-SAHH, Ld-SAHH, and Pf-SAHHSs. Individual sequence ranges ferhiglix are
shown beneath the species identifier at left and the residue hefpermities are

shown as subscripts.

SAHH Sequencegyopensity value) Total helix
propensity
Hs- (411-417)  E(1.37K(1.14R(1.34/A(1.46)(1.34)Y (0.95)-(1.36) 8.96
Tc- (416-422) A1 46R(1.241(1.30A(1.46P(0.83)Y (0.95)(1.07) 8.35
Ld- (416-422) Po.40K (1.14QR1.34A (1.46)E(1.37)Y (0.95) (1.07) 7.73
Pf. (459-465) 7.31

D(0.83N(0.72Q(1.34f°(0.75/Q(1.34(0.97)- (1.36)
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With guidance from the total helix propensities in Table 3.1., thretamh
enzymes were created and compared to Hs-SAHH and Tc-SAHHE.mikants are
(1) a Hs-SAHH mutant with its original helix 18 replaced witle tone from Tc-
SAHH and denoted Hs-18Tc-SAHH (E411A/K412R/Q415D), (2) a Tc-SAHH
mutant with its original helix 18 replaced with the one from A$i8 and denoted
Tc-18Hs-SAHH (A416E/R417K/D420Q/1422L), and (3) a Hs-SAHH mutant wsh i
original helix 18 replaced with the one from Pf-SAHH and denoted 8Pf-SAHH
(E411D/K412N/A414C/YA16F). The set of helix-18 mutants thus includes the
“trypanosomized” human enzyme, the “humanized” trypanosomal enzymea and
“plasmodiumized” human enzyme. This last mutant, Hs-18Pf-SAHH, gepte the
human enzyme modified to have the helix 18 of lowest total helical psdape

present in any of the parasitic enzymes.

The mutant enzymes as well as the two wild type enzyme3Atid and Tc-
SAHH were expressed, purified and characterized under verlasicoinditions. In
all cases, it was determined by CD that the secondary wsteuatas not detectably
changed, and by size-exclusion chromatography that the tettameaternary

structure was intact. All enzymes were fully reconstituted with oxildizegactor.

3.3.3. Catalytic kinetic constants of helix-18 muta  nt enzymes differ little

from those of the wild-type enzymes.
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Results of kinetic studies of Hs-SAHH, Tc-SAHH, and their h&Bxmutants
are shown in Table 3.2. All enzymes exhibit nearly the sameesdior both the
synthesis and hydrolysis of AdoHcy, minor exceptions being (1) thiopKAdoHcy
of Hs-SAHH is twice of Tc-SAHH; (2) K values for Hcy and AdoHcy of Tc-18Hs-
SAHH are about half and four times, respectively, those of TiHFEEA he indication
is thus that these mutations, relatively remote from the cefteatalysis, have no

major effects on catalysis.

3.3.4. The kinetics of the dissociation of NAD ¥ from Hs-18Pf-SAHH and
Tc-18Hs-SAHH  show the same  biphasic temperature

dependences observed with Hs-SAHH and Tc-SAHH.

Eyring plots of the first-order rate constants; Kor dissociation of the
cofactor NAD from Hs-18Pf-SAHH (31 °C to 45.5 °C) and from Tc-18Hs-SAHH
(21 °C to 45.5 °C) are similar to the ones for the two wild typeraesy(Fig. 3.2.):
the dependences are non-linear for both enzymes, consisting ioea low-
temperature regime and a linear high-temperature regimea [at the two
temperature regimes were independently fitted by the Eydongt®ns eqs (2a) and
(2b) as before [8].

kott / (KT/h) = {exp [ @S¢/ R) — @H / RT)]} (2a)

koit / (KT/h) = {exp [ AS"/ R) — AH*, / RT)]} (2b)
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Table 3.2. Kinetic parametefdor Hs-SAHH, Hs-18Tc-SAHH, Tc-SAHH, Tc-18Hs-

SAHH and Hs-18Pf-SAHH measured in 50 mM phosphate buffer, pH 7.4, 1 mM

EDTA at 37°C.
Kinetic Hs- Hs-18Tc- Hs-18Pf- Tc-18Hs- Tc-
parameter SAHH SAHH SAHH SAHH SAHH
[Ado] varied for synthesis of AdoHcy
Keat (S1) 125+ 13.2+0.4 11.8+0.2 15.0+0.5 155+

0.2 0.3

Km (uM) 1.5+01 14+0.1 1.1+0.1 20+0.2 12%0.1

[Hcy] varied for synthesis of AdoHcy

Keat (SY) 162+ 169+1.1 146+12 156+0.6 167+
0.9 1.1

Km (uM) 160+28 171 +24 188 + 27 100+12 219+26

[AdoHcy] varied for hydrolysis of AdoHcy

Keat (S™) 32+01 33+01  3.2%0.1 32+02 3701

Km (uM) 64+04 6204 5.8+04 143+03 3.2%+0.3

8Standard deviations were obtained from least-squares fitting with Origiwae
version 7.5. The fit was carried out with mean values from three experiments.

95



°C 395
-12-
E
5 Tc-SAHH
< .14
=
-164 Hs-SAHH

0.0032  0.0033  0.0034
UT (KY

Figure 3.2. The temperature dependence of the rate consgarfokdissociation of

NAD™ from Hs-SAHH, Hs-18Pf-SAHH, Tc-18Hs-SAHH, and Tc-SAHH. Thees

are intersecting Eyring plots with the parameters given in Table 3.3.
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Here, the subscriptt denotes the quasi-thermodynamic parameters of
activation for the low-temperature regime and the subscript h detiaise for the
high-temperature regime. The values of the quasi-thermodynamaneters of
activation are given in Table 3.3. The conversion temperagii@ passage from the
low-temperature regime to the high-temperature regime waigsilated from eq (3)

[8] and values are also given in Table 3.3.

To = [(AH) — AH")]/ [(AS™) - (AS0)] ®3)

Fig. 3.2. shows that the mutants Hs-18Pf-SAHH and Tc-18Hs-SAHH produce
behavior that is intermediate between those of the two wildégpgmes from which
they derive. Table 3.3. shows that, as with the wild-type enzyan&sy-enthalpy,
small positive entropy dependence at low temperatures is rdplacea high-
enthalpy, large positive entropy change at high temperatures (theada not

persuasively biphasic for Tc-18Hs-SAHH, but a break is visually detectable)

3.3.5. The slow-binding kinetics of the association of NAD * with apo-Hs-
18Pf-SAHH and apo-Tc-18Hs-SAHH show the same biphas ic

temperature dependences observed with Hs-SAHH and T  ¢c-SAHH.
The wild-type enzymes were earlier found [8] to exhibit boths&banding

phase (within the instrumental dead-time) and a slow-binding phasethé

association of the apo-enzymes with NADhe fast-binding phase was negligible at

97



Table 3.3. Quasi-thermodynamic parameters of activation for the |lonpézature
and high-temperature regimes, and conversion temperafiyrbstween the regimes
for NAD" dissociation from Tc-SAHH (21 °C to 37 °C), Tc-18Hs-SAHH (26 6C t

46.5 °C), Hs-18Pf-SAHH (29 °C to 45.5 °C), and Hs-SAHH (31 °C to 45.5 °a at

7.4.
Enzyme ASHt AHTE ASth AHZh To, K
(J/mol-K) (kJ/mol) (J/mol-K) (kJ/mol)
Tc-SAHH 170 £ 15 154 +8 610 £ 30 2878 302 £ 34
(29 °C)
Tc-18Hs- 274 +1 181+1 438+ 9 232 +4 309 +£11
SAHH (36 °C)
Hs-18Pf- 64+7 119+8 533 +£18 265+8 311+£19
SAHH (38 °C)
Hs-SAHH 502 116 +4 600 £ 25 297 £ 9 314 £ 21
(41 °C)

*Temperature of intersection of the high-temperature and low-temperktbs of
the temperature dependence and thus the apparent temperature of conversion
between the two regimes.
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concentrations of NADof 5uM and lower. Here the mutant enzymes were studied at
5 uM NAD™. The first order rate constantspkfor association of NAD with Hs-
18Pf-SAHH and Tc-18Hs-SAHH were measured au NAD™ and used to
calculate the second-order rate constagtasklk,/[NAD"] [8]. Fig. 3.3. presents the
Eyring plots of the slow-binding rate constants rkeasured over a range of
temperatures. A few representative points (not shown) were redafaurHs-18Tc-
SAHH but were found to lie directly on the line for Hs-SAHH. Wénclude that at
least this property and perhaps others of Hs-SAHH are not albgrdde 18Tc
mutation. We therefore turned to Hs-18Pf-SAHH for further studies.aSbeciation
kinetics and their temperature dependences for both Hs-18Pf-SAHH @®h8Hs-
SAHH are distinctly different from the two wild-type enzynsexl from each other

(Fig. 3.3.).

A model developed previously [8] from similar data for the wildetyp
enzymes ascribes the decrease in association rate at tegiperatures to a (perhaps
local) reversible unfolding phenomenon. The temperature dependenceapptrent
association constant ks then described by eq (4), where we take the standard-state
concentration of NAD, [NAD ]ss= 1 M:

tn (kJ/T) = (AS*en/ R) — @H o/ RT) —tn {1 + exp [ASun / R) — AH%q / RT)]}

tn [NAD]ss+ £n (k/h) (4)
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Figure 3.3 The temperature dependence of the rate constant for thebisiding
phase of the association of NAWith the apo-forms of Hs-SAHH, Hs-18Pf-SAHH,
Tc-18Hs-SAHH, and Tc-SAHH. The lines are plots of eq (4) with parameters

shown in Table 3.4.
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Here the subscript “on” denotes the quasi-thermodynamic parameter
activation for cofactor binding and the subscript “un” denotes thentheiymamic
parameters of the reversible unfolding process (thasksy/[1 + Kyq]). The values of
the enthalpies and entropies are given in Table 3.4. The tableiaésotige ratio
AH®,JAS,, as a rough measure of the “melting temperature” for theupred local

structural transition.

3.3.6. Thermal structural perturbation of wild-type enzymes and helix-18

mutants analyzed by DSC and CD.

Fig. 3.4. presents thermograms obtained from DSC studies atypk and
mutant enzymes as apo-enzymes, holo-enzymes, and holo-enzymeiesiece of
20 mM NAD". All the proteins showed an irreversible thermal unfolding prodess
sharp reduction in heat capacity indicated that aggregation ensueily rafter
unfolding. Therefore, thermodynamic analysis by fitting data to feddereversible
phase-transition processes is not possible. Thus, we hereaftbeusent “stability”
in this connection in a casual, non-thermodynamic sense simplyidotrefianges in
response of the protein to temperature variation, as detected By an8 the
spectroscopic techniques described below. Light-scattering meesuse (data not

shown) confirmed that aggregation followed unfolding.
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Table 3.4. Thermodynamic and quasi-thermodynamic paranfetéos NAD”

association with Tc-SAHH, Tc-18Hs-SAHH, Hs-18Pf-SAHH, and H448Aat

temperatures in the interval 11 - 45 °C, pH 7.4.

Enzyme A§on AHion Asoun AHoun AHOun/ASoun
(J/K-mol)  (kI/mol)  (I/K-mol)  (kI/mol) (K)
Tc-SAHH 225+ 13 118+ 4 631 +8 182 +2 288 +5
(15 °C)
Tc-18Hs- 119+ 19 89+ 6 815+ 5 247+ 1 303+ 2
SAHH (30°C)
Hs-18Pf- -42+ 16 42+ 5 765+ 7 234+ 2 306+ 4
SAHH (33°C)
Hs-SAHH -56+9 38+3 788 £ 5 243 +2 308 +3
(35 °C)

®Parameters were obtained by least-squares fitting to eq 4 (Origiioverss). The
subscript “on” identfies the quasi-thermodynamic parameters of activatorihie
binding rate constant of the slow-binding phase of cofactor binding. The subscript
“un” identfies the equilibrium thermodynamic parameters for local unfoldmgr
near the cofactor binding site.
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A: Hs-SAHH 5 31

B: Tc-SAHH 5

Cp (mcal/°C)
C_(mcal/°C)

p

30 40 50 60 70 30 40 50 60 70

T (°C) T(°C)
A: 1. apo-Hs-18Pf-SAHH B: 1. apo-Tc-SAHH
2. apo-Hs-SAHH 2. holo-Tc-SAHH
3. holo-Hs-18Pf-SAHH 3. holo-Tc-18Hs-SAHH
4. holo-Hs-SAHH 4. holo-Tc-SAHH,
5. holo-Hs-SAHH, 20 mM NAD
20 mM NAD. 5. holo-Tc-18Hs-SAHH,
20 mM NAD.

Figure 3.4. DSC thermograms from 30 to 70 °C of the apo- and holo-forms
(purified from E. coli cells, fully bound with cofactors: approximpat@$ % of NAD'

and 5 % of NADH) of Hs-SAHH, Hs-18Pf-SAHH, Tc-18Hs-SAHH, and Tc-SAHH.
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Table 3.5. shows the apparent melting temperatures, which were taken t
the temperatures at which a maximum heat capacity was obs@ie 3.4A and
3.4B). In addition, data for CD observations are included in Table 3.5thasd

agree with the DSC results in all cases.

Table 3.5. shows apo-Hs-SAHH is somewhat less thermally dtadoteapo-
Tc-SAHH but that this difference is erased in the holo-enzyenesexcess cofactor
raises the melting temperatures of both enzymes further, éthexssuring full
cofactor-occupancy or by non-specific binding and stabilization. Theathes that
holo-Tc-SAHH melts at the same temperature as apo-Tc-S&HHe result of an
artifact: the DSC thermogram (Fig. 3.4.) shows that the cofdddsociates at about
42 °C, so that the melting event at 53 °C reflects, in fact, théngelf the apo-

enzyme (see also Fig. 3.5.).

The mutant Tc-18Hs-SAHH does not produce evidence in the data. &.%ig
for such an anomaly, but the single peak in the thermogram of Fig. @etyibroad,
consistent with dissociation of the cofactor simultaneously witHattger structural
changes. Consistent with this explanation, addition of excess cofaciduces a
sharp peak in the thermogram, presumably by maintaining a high population of bound
cofactor during global unfolding. The mutant Hs-18Pf-SAHH melisightly lower
temperatures than the parent Hs-SAHH but is otherwise unreharkdh respect to

more extensive unfolding.
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Table 3.5. Apparent melting temperatures (*CYfrom differential scanning

calorimetry (DSC, Fig. 3.4.) for the apo-enzyme and holo-enzymmesf@the latter

also in the presence of 20 mM NADof Tc-SAHH, Tc-18Hs-SAHH, Hs-18Pf-

SAHH, and Hs-SAHH, and similar data for apo-enzymes and hagrees from

circular dichroism (CD), determined from the midpoints of thermal unfoldingesur

Enzyme

Tc-SAHH

Tc-18Hs-
SAHH

Hs-18Pf-
SAHH

Hs-
SAHH

DSC

Apo Holo

53.0+0.2 53.2+0.2

53.0+0.1 63.4+0.2

41.3+0.2 51.4+0.1

442 +0.1 55.2+0.3

Holo + 20 mM
NAD"

62.1+0.4

65.2+0.3

62.8 £0.5

63.6+0.4

CD

Apo

54.0+0.2

54.1+0.2

41.2 +0.3

44.4 +0.2

Holo

54.0+0.2

62.0+0.3

52.4+0.5

55.4+0.3

®Errors were obtained from the range of two independent measurements.
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Figure 3.5. Thermally induced fluorescence changes for Tc-SAHH and Tc-18Hs
SAHH in the presence of the dye 8-anilino-1-naphthalene-sulforateh fluoresces
when bound in a non-polar environment. At 42 °C, the cofactor dissociate§ érom
SAHH and the dye occupies the cofactor site. No such dissociatsaen with Tc-
18Hs-SAHH. The large maxima result from global unfolding of apo-Tc-SARtHM

holo-Tc-18Hs-SAHH.
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All holo-enzymes exhibit, in the presence of excess NARery similar
apparent melting temperatures of around 62 - 65 °C as expected ifohitite
sequence similarity and consistent with the composition of helixatghg little or no

influence on global unfolding.

The apo-enzymes apo-Hs-SAHH and apo-Hs-18Pf-SAHH show similar
melting temperatures of 44 and 41 °C, respectively, while the apo-Tc-SAd#iHp®-
Tc-18Hs-SAHH both melt at 53 °C, consistent with a somewhat gregdbal
stability for Tc-SAHH than for Hs-SAHH, with the mutated keli8 producing no
change in the thermal behavior of the wild-type enzyme. The-dmdgmes
uniformly melt about 10 - 11 °C higher than do the apo-enzymes, consistent
thermal stabilization by the cofactor, except for the anomalouws ToSAHH (see

above).

3.4. Discussion

3.4.1. The total helix propensities of helix 18 and structures for human

and parasitic SAHHs suggest lower stability and per haps larger

mobility for the parasitic helices.

Helix 18 in the structure of SAHHSs is relatively distant frtime substrate-

binding region and the surrounding catalytic residues [10] of the asiiigebut
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relatively close to the cofactor binding site (Fig. 3.1.). HéBxtherefore seemed an
attractive possibility for a significant contribution to the idist kinetics and
thermodynamics of cofactor association and dissociation observed48AHH and
Tc-SAHH, while at the same time conserving the cataliiinetic properties of the
two enzymes. We explored this hypothesis initially by use ok h@pensities,

supported by X-ray structures.

Table 3.1. shows the sequences in the helix-18 regions of Hs-SAHH, Tc-

SAHH, Ld-SAHH, and Pf-SAHH, together with the total helix propgntr helix-

18 in each of the enzymes. As predictors that a peptide segmeassuime a helical
conformation in a statistically averaged protein environment [9ix Ipebpensities

are limited by the omission of effects from nearby residues their side chains in

the primary sequence and the effect of environmental factors cairged for in the
statistical average. X-ray crystallographic structurahdadbw available [1, 2] for Hs-
SAHH, Pf-SAHH, and Tc-SAHH, however, indicate some mitigatingofac Helix

18 in all of these SAHHSs is located on the enzyme surface and makes fewtiottierac

with other parts of the protein (Fig. 3.6.).

All of the interactions identified in Fig. 3.6. suggest a greatdsilgly for Hs-
SAHH, and secondarily for Tc-SAHH, than for the other enzyieghermore, the
negatively charged E411, near the N-terminus of helix 18 in Hs-SAdtduld

interact favorably with the helix dipole [11, 12] but is replaced by elediiyineutral
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Figure 3.6.Hydrogen bonds formed between residues of helix 18 and nearby residues
of the enzyme and among the residues within helix 18 for Hs-SAI#$AHH, and

Pf-SAHH.

109



residues in two of the three parasitic enzymes (Table 3.1.). Ehtiehlly neutral
Q415 toward the C-terminus of the helix in Hs-SAHH is replacgedidstabilizing

[11, 13] negatively charged residues in two of the three parasitic enzymes.

The helix-propensity prediction (Table 3.1.) of a stability ordehfdix 18 of
Hs-SAHH > Tc-SAHH > Ld-SAHH > Pf-SAHH appeared sufficigndupported by
structural data to encourage further investigation of the effedielof18 sequences
on cofactor binding and other properties of the human and parasitic @nzym
addition to serving as indicators of helix stability, the helix propiessseemed
possible indicators of the subtler property of helix mobility exibility. If it is
assumed that a more stable or immobile helix-18 would provide a maloke st
cofactor binding site, then the results are consistent with thevalisa that the

human enzyme binds NADnore tightly than the parasitic enzymes [6-8].

3.4.2. Catalytic properties of wild-type and mutant enzymes.

Investigations of the role of helix 18 in the distinct propertiebwhan and
parasitic enzymes were pursued through construction of three miatactenparison
with wild-type enzymes: (1) Hs-18Tc-SAHH, the human enzyme géahie helix 18
of Tc-SAHH in place of its own, (2) Tc-18Hs-SAHH, the trypanosoerastyme
containing the helix 18 of Hs-SAHH, and (3) Hs-18Pf-SAHH, the humagnesz

with the helix 18 of Pf-SAHH. As will be described below, the properof Hs-
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18Tc-SAHH were found at an early point in this work to be esabnti
indistinguishable from those of Hs-SAHH. Therefore Hs-18Pf-SAHt$ wrepared
with the sequence of helix 18 corresponding to that of lowest helix Bibygendeed
the properties of this mutant were different from those of HeH3$Aand further
studies made use of this mutant. As expected, mutations in helix 18,digtant
from the catalytic site, produced no major changes in theytiatproperties of the
wild-type enzymes, which are very similar to each other in this regarde(3&b).

+

3.4.3. Helix 18 is stabilized by the binding of NAD and a thermally

induced structural change in or near helix 18 accel erates the

+

dissociation of NAD

The dissociation of NADfrom Hs-SAHH and Tc-SAHH was earlier found
[8] to occur in a simple first-order fashion. For both enzymes, db® gonstants
increased with temperature biphasically, a transition occuati29 °C for Tc-SAHH
and at 41 °C for Hs-SAHH. The transition altered a linear Eydieyggendence with
low enthalpy of activation and small positive entropy of activafliow temperatures)
to a linear Eyring dependence with high enthalpy of activation agg lpositive
entropy of activation (high temperatures). The sharpness ofatingtion from a low-
temperature to high-temperature regime suggests a structursition as the origin
of this relatively abrupt change. As elaborated below, changesliinli&seem a

likely source of this behavior.
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If the conversion between the two temperature regions is causethleymal
perturbation of helix 18, then the activation parameters of Table a@pBear
consistent with a view that the altered structure at high@pératures binds the
cofactor more tightly but generates substantially more eptupgon its release. A
second point is that the apparent unfolding in the presence of the cofactor neznults i
accelerated dissociation of the cofactor. This involves a largéiveosntropy of
activation that more than compensates for an increased enthadgyivation. This
finding would also be consistent with a greater mobility of tmeyme following the

unfolding of helix 18 and dissociation of the cofactor.

3.4.4. Helix 18 (and/or its neighborhood) is the si  te of local structural

+

perturbation that attenuates the association of NAD with apo-

SAHHSs at higher temperatures.

As described above, NADassociates with Hs-SAHH and Tc-SAHH in a
relatively complex manner that, in contrast to the catalytic propersiguantitatively
different for the two enzymes. Binding occurs in two phases, -difading phase that
occurs within the dead-time of the measurement method and a sldwebphase
that occurs over some minutes and exhibits saturation with respbet tofactor [8],

with the results in Fig. 3.3. and Table 3.4. referring to the slow-binding phase.

112



A striking difference in the wild-type enzymes is the localeloihg
temperature of about 35 °C for Hs-SAHH and about 15 °C for Tc-SAHIHpEs
earlier [8]. It was also earlier realized [8] that theuctural alteration cannot
correspond to global unfolding of the enzyme since that occurs in the car62-65

°C (Table 3.5.).

The data for the two mutants, Hs-18Pf-SAHH and Tc-18Hs-SAHH, lend
strong support to the hypothesis that the site of this local @terat in fact, helix
18. Introduction of the plasmodial helix 18 into the human enzyme shifts the
perturbation temperature from 35 to 33 °C (although this shift is withen
considerable error of the curve fit to the model, the phenomendlaitain the
rate-constant maxima is clearly visible in Fig. 3.3.). Mom@ndhatically, introduction
of the human helix 18 into the trypanosomal enzyme shifts thisticant@mperature
in the opposite direction, from 15 to 30 °C, clearly beyond the errarareé fitting
and also readily visible in the temperature-dependent kineticofidtay. 3.3. These
results are consistent with the concept that helix 18 of Hs-S&HBSs indicated by
helix propensities and structural information, a more stable and peiapentity

than is helix 18 of Tc-SAHH and Pf-SAHH.

Furthermore, the data suggest that the general context of hels rh8re

dynamic in Tc-SAHH than in Hs-SAHH. Thus, introduction of the nragiel human

helix-18 into the presumably flexible environment of Tc-SAHH rasulta large rise
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in the transition temperature, while introduction of the presumably fedble
plasmodial helix 18 into the rigid Hs-SAHH environment results iry @lsmall
downward shift of the transition temperature. The same ideaalsanexplain the
observation that the introduction of the trypanosomal helix 18 into the IHg-

SAHH matrix produces little or no effect.

It should be noted that the approximate order of the transition tatapes of
helix 18 in the apo-enzymes, as here estimated from the cofastmiation kinetics
(Table 3.4.), namely, Hs-SAHH (35 °C) > Hs-18Pf-SAHH (33 °A)c>18Hs-SAHH
(30 °C) > Tc-SAHH (15 °C) is the same as the order of thenatdd conversion
temperatures from the low-temperature to the high-temperakgene of the
cofactor-dissociation kinetics (Table 3.3.) discussed above, naMsigAHH (41
°C) > Hs-18Pf-SAHH (38 °C) > Tc-18Hs-SAHH (36 °C) > Tc-SAHH (20).
Admittedly, in some cases such comparisons fall well within ¢ineptited errors, but

visual analysis of the figures lends support to their validity.

Most simply, the conversion temperatures for dissociation of cofactor
larger (29 °C to 41 °C) than the transition temperatures for stscedion (15 °C to
35 °C). This result would indicate that the helix has signifigagteater thermal
stability in the presence of the cofactor. Scheme 3.1. summarizestitonit At left,
the apo-enzyme consists of an equilibrium mixture of two formsgla-teémperature

form incapable of binding the cofactor C and a low-temperature form capable of
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Scheme 3.1.Temperature effects on the cofactor on-rates and off-rates.

apO0pigh
cannot
bind C
C+ apo high
K nge i
dw- C:holo high
T 15-
el H
koff—Iow

115



binding C, so that the on-reaction (rate constapt roceeds from the fraction of
apo-enzyme in the low-temperature form. The conversion tempetatuween the
two forms is 15-35 °C and we suspect the conversion is a locaus&iduchange in or
near helix 18. The holo-enzyme at right likewise consists of an equilibrium modur
low-temperature and high-temperature forms. Each releases #eoto€ but the
high-temperature form does so more rapidly, with a steepgrei@ture dependence.
The conversion temperatures here are larger, around 29-41 °C. Agauppase the
conversion to be caused by local structural changes in or nead&eConceivably
the structural changes involved in the on-reaction and offiopaete the same or
similar but the conversion temperatures tend to be higher faffineaction because

the cofactor stabilizes helix 18 and its neighborhood.

3.4.5. Helix 18 has only a minor role in the global  stability of SAHHS.

The global unfolding temperatures given in Table 3.5. show that,| flmriads
of the wild-type and mutant enzymes, global unfolding occurs for apynges in the
range 41-65 °C and for holo-enzymes in the range 51-65 °C. This is bt#wnd
temperature range of 15-41 °C for which structural alterationfetik 18 are
proposed as the cause of the biphasic transitions observed in the kifetics
association and dissociation of the cofactor from SAHHSs. This syraugigests that

the phenomenon involved in the cofactor association-dissociation kiretcd due
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to the onset of global unfolding, but rather results from the proposddreational

changes in helix 18.

3.5. Conclusion

Previous studies [8] showed that the human enzyme Hs-SAHH and the
parasitic enzyme Tc-SAHH have similar catalytic propsrtout differ distinctly in
the on- and off-rates of the tightly bound NABofactor Structural information and
calculations of helix propensities suggest that differences ist#idity and possible
mobility of helix 18, near the C-terminus and embedded into the cofaiciding site
of the partner subunit, might account for these observations. Mutardsttvezefore
constructed of the wild-type enzymes Hs-SAHH and Tc-SAHH hiclwthe human
helix 18 (predicted to be more stable and perhaps more rigid than rhatipa
helices) has been replaced by a plasmodial helix 18 (predictediesshstable), Hs-
18Pf-SAHH, and in which the trypanosomal helix 18 (predicted to beowérl
stability) has been replaced by the human helix 18 (Tc-18Hs-SAHKDse wild-
type and mutant enzymes (1) exhibited essentially the saméyticatkinetic
constants; (2) showed biphasic temperature dependences of the dissaeitd
constants for NAD, with a thermal inflection reflecting structural changes imear
the cofactor binding sites, and the transition temperatures sitallyavarying from
29 °C (Tc-SAHH) to 41 °C (Hs-SAHH), the two mutants falling between tiests;|

(3) showed biphasic temperature dependences of the associati@onstants for
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NAD®, with a thermal maximum reflecting local changes in or rbarcofactor
binding sites, and the transition temperatures sytematicallyngafgom 15 °C (Tc-
SAHH) to 35 °C (Hs-SAHH), the two mutants again falling betwéeséd limits; (4)
underwent more global unfolding at temperatures in the range 62 °C t€,65
indicating that helix 18 has little direct role in global therstalbility, and that the
thermal transitions at considerably lower temperatures involvetieinoh-off rate
alterations for NAD, indeed reflect local, reversible structural changes, probably

within helix 18 itself.

Helix 18 and other nearby structures may therefore identificarisites at
which inhibitory ligands that have the capacity to distinguish betweeramwand
parasitic enzymes could be designed to bind. Such compounds have the patential
function as specific antiparasitic drugs. Figure 3.6. shows sortiee afetails of the

structures of helix 18 in Hs-SAHH, Tc-SAHH, and Pf-SAHH.
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Chapter 4

The Role of the Conserved Hydrophobic Residues in B-Sheet
A of the Rossmann Motif in Comparative Kinetics of Cofactor

Association and Dissociation for Hs-SAHH and Tc-SAH H.

4.1. Introduction

This chapter has focused on the NABInding motif (Rossmann motif) and
its contribution to the kinetics and thermodynamics of NAdssociation and
association for SAHH. It emerges as useful, as will be appate include the

properties of the wild-type enzyme frddlasmodium falciparum

The Rossmann motif (Fig. 4.1.),faBaf unit, is found in most NAD(P)
binding proteins [1, 2]. The motif that binds NAD{Rjsually has a second repeated
Bapapf unit that is structurally related to the first one by apprmately a two fold
rotation, with the more N-terminfiksheets adjacent to each other. Among the 30-35
amino acids of the fingerprint sequences of the Rossmann motif,ateesex small,
generally conserved, hydrophobic residues, distributed with two eattredirst 3-
sheet BA in SAHH), the firsta-helix (@B in SAHH), and the secorféisheet B in

SAHH). These six residues form the hydrophobic core of the motif, and are
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Figure 4.1. The monomeric-subunit structure of Hs-SAHH (pdb file 1L14). The N-
terminus is at bottom left and the large N-terminal domaihdsstibstrate-binding or
catalytic domain (substrate in green ball-and-stick represamtawhile the large
upper domain is the cofactor-binding domain (cofactor in purple balsack-
representation). The Rossmann motif [2] consistg-siieet A (residues 215-219 in
blue ball-and-stick representation), followeddfelix B (223-234),3-sheet B (238-
242), a-helix C (246-254), and3-sheet C (258-260), all of which along with
intervening loops are shown in gold ribbon representation [3]. The C-términa
extension is at right; it protrudes into the partner subunit whepe 1& (red) forms

part of the cofactor-binding site of that subunit. A similar extangiom the partner
subunit also contributes its helix 18 to the binding site shown here. Helix 18 (red) was
the locus of mutational studies reported in the preceding publication [4]} simekt A
(blue) is the locus of mutational studies reported in the present papecond repeat

of the Rossmann motif (residues 271-322) is shown in pink ribbon representation:

alterations in this region were made in the present work.
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commonly considered necessary for proper steric relationships patkéng of the

B-sheets against thehelices [1].

SAHH exhibits two classical Rossmann motifs in each mononsebcinit:
one is in the substrate-binding domain (recall that the substratausleoside) and
the other in the cofactor-binding domain. In this study, only the Rossmatihin
the NAD' binding domain (which consists of residues 215 through 260 in Hs-SAHH;
Fig. 4.1.) was subjected to systematic alteration. A second rdd@agsmann motif,

shown in pink in Fig. 4.1. (residues 271-322), was not altered.

Alignment of the 30-35 amino acids of the fingerprint sequencethef
Rossmann motif in the NABbinding domain of human and parasitirypansoma
cruzi, Plasmodium falciparumand Leishmania donovahpiSAHHs reveals that the
two small, generally conserved, hydrophobic residueg-sheet A are conserved as
hydrophobic residues in Hs-SAHH and Pf-SAHH, but are replaced ly tw
hydrophilic residues in Tc-SAHH and Ld-SAHH (Table 4.1.). The rephece of the
hydrophobic residues by two hydrophilic residues would seem likelyetken the
stabilizing hydrophobic interactions and thus increase the fleyibiht the
hydrophobic core region formed by the six hydrophobic residues andretiéues.
Such an increased flexibility could influence the kinetics andntbdynamics of
NAD" association and dissociation. To examine this hypothesis, a Tc-SAudiht
(Tc-BAHS-SAHH [Tc-(T214V, C216V)-SAHH], a partially “humanized” parasi

enzyme) was constructed with the two hydrophilic residugsdfeet A replaced by
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Table 4.1. The sequences arfidsheet-propensity values f@rsheet A (Fig. 4.1.) of
the Rossmann motif in the NADbinding domain of Hs-SAHH, HBATc-SAHH,
Tc-BAHS-SAHH, Tc-SAHH, Pf-SAHH and Ld-SAHH. Individual sequence esmg
for B-sheet A are shown beneath the species identifier at left lan@-sheet

propensities [5] of the individual residues are shown as subscripts.

SAHH Sequencggropensity value)  Total B-sheet-propensity

Hs- V1897 0.78)\V (1.89)V (1.89/A(0.78) 7.23
(215-219)

HsBATc- T.21A0.78C1.26)V (1.89/A0.78) 5.92
(215-219)

Tc-BAHs- V1.89A0.78)V (1.89)V (1.89(1.26) 7.71
(214-218)

Tc- Ta.21A0.78C 0 26)V (1.89C(1.26) 6.40
(214-218)

Pf- h 65V (1.89)\V (1.89) (1.65C(1.26) 8.34

(259-263)

Ld- T1.21C1.26C1.26)V (1.89C(1.26) 6.88
(214-218)
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the two hydrophobic residues present at the corresponding positionsSIAHH$- A
Hs-SAHH mutant (H$ATc-SAHH [Hs-(V215T, V217C)-SAHH], a partially
“parasitized” human enzyme) was created with the two hydrophoidues off3-
sheet A replaced by the two hydrophilic residues presefisimeet A of Tc-SAHH.
The kinetics and thermodynamics of NADassociation and dissociation were
investigated and the results compared with those for the wild dgpgmes, Hs-

SAHH, Tc-SAHH, and Pf-SAHH.

4.2. Methods

4.2.1. Site-directed mutagenesis.

All mutants were created by site-directed mutagenesisgg UBCR. Each
amplification reaction contained the following in a volume of 50 uLp2®I of each
primer, 20 nmol of each deoxynucleoside triphosphate, 20 ng of teriyN#te6 pL
of 10x Pfu DNA ploymerase buffer and 3U Pfu DNA polymerase {&jeme). The
sequences of the primers used for site-directed mutagenesis were
5-GGCAAGACAGCGTGTGTAGCAG-3' and
5-CTGCTACACACGCTGTCTTGCC-3’ for Hs-SAHH, and
5-GCTGGAAAGGTTGCCGTTGTTTGTGG-3' and
5-CCACAAACAACGGCAACCTTTCCAGC-3'for Tc-SAHH. After 4 nm of a

heat-start step at 92°C, 25 cycles of the following prograne \itiated: 20 sec at
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92°C, 30 sec at 55°C and 20 min at 68°C. PCR products were purified WifiRa
purification kit (Qiagen). After treatment with Dpn | (Biolabpet PCR products
were transformed into BL21(DE3J. coli (Stratagene). The sequences of mutant

genes were confirmed by DNA sequencing.

4.2.2. Determination of rate constants for associat  ion of NAD * with apo-
enzymes (apparent first-order rate constant k ., and apparent

second-order rate constant k ;).

This process was executed as described previously [6]. Typieatigpt for
Pf-SAHH and TBAHs-SAHH, a 50uL solution (50 mM phosphate buffer, pH 7.4, 1
mM EDTA) containing 2uM apo-enzyme was added to a pre-incubatedubO
aliquot of NAD" solution with a concentration in the range from 2 to G0O.
Samples were taken for activity assay at measured tim@&sgdacubation at the
desired temperature. The measured activities A were eitherroehe the amount
of enzyme:NAD complex or used directly in eq. 1.

A=A + (Ao — A)lexp(-kapd)] 1)

Here, A is the activity measured at time t, i8 the activity at the apparent
time zero (reflecting reaction during the dead-time of theesment), A is the
activity at the end of the experiment, angpkis a first-order rate constant for

association that generally will be a function of [NADAt [NAD™] = 5 uM, A, is
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quite small and 4, is approximately proportional to [NA an apparent second-
order rate constant for the association reactippwds therefore calculated from data

at this concentration as k kapd[NAD].

For Pf-SAHH and TEAHs-SAHH, the method is the same as described above
except that apo enzyme concentration wasil) NAD™ concentration was in the
range from 0.1 to 20 mM and the Was calculated from data at 2 mM NAD
concentration asek= kap/[NAD].

4.2.3. Determination of the rate constants (k o) for dissociation of NAD

from Hs- BATc-SAHH, Pf-SAHH, and Tc- BAHs-SAHH.

Briefly, NAD" was allowed to dissociate from fully reconstituted enzyme in
the presence of excess NADH which irreversibly traps eachted binding site. The
decrease in enzyme activity occurred in a first-order fashitna rate constantk
= kot + kinaa Where I, is the first-order rate constant for thermal inactivation,
determined in control experiments. The dissociation rate constaptswére
calculated asd¢ = kobs - kina- The measurements for Pf-SAHH reconstituteditro
and TcBAHs-SAHH reconstitutedn vitro were carried out on a much shorter time
scale and thus, in contrast to the above, NADH, alcohol dehydrogemake- a
propanol were not added; no measurement;Qfvkas made; and the dissociation

process was carried out at@, instead of at 37C.
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4.2.4. Notation for cofactor-association rate const ants and calculation

of the cofactor dissociation constant (K ).

Binding of NAD" occurs on both a fast time-scale, for which rate constants
are not obtained, and a slow time-scale with an apparent first-cate constantyj,
The rate constant,j, exhibits saturation kinetics with [NADaccording to eq. (2c)
below, yielding a second-order rate constant for slow bindifi{,.kAt sufficiently
low [NAD"], the ratio kpd[NAD] yields a good approximation ta/K,, which we
denote k. As the temperature is increased, a local, reversible unfgitiegomenon
inhibits association of NAD such that the temperature dependence of #escribed
by k, = Ko/(1 + Kyn), Where K, is the equilibrium constant for the local, reversible
unfolding process. Hereyk is the approximate second-order rate constant for
association of [NAD] with fully folded enzyme. The value of the equilibrium
dissociation constant of NATzan be calculated as the ratio of off-rate constgitiok
the on-rate constanty/K, or approximated as.iko, or, at temperatures where

unfolding is negligible, k/ko.

4.3. Results
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4.3.1. The mutant enzymes Tc- BAHsS-SAHH and Hs- BATc-SAHH have
secondary and quaternary structure unaltered from t he wild-type

enzymes.

The sequences @fsheet A of the Rossmann motifs in Hs-SAHH, Pf-SAHH
and Tc-SAHH are listed in Table 4.1. To generate3AEls-SAHH, the hydrophilic
residues T214 and C216 of Tc-SAHH were replaced by the valinesrprat the
corresponding positions (V215, V217) of Hs-SAHH (thus mutations T214V/C216V
of Tc-SAHH). To generate H3ATc-SAHH, mutations V215T and V217C were
introduced in Hs-SAHH. Studies of the CD spectra and size-exclusion
chromatography showed that the mutations had no significantsffiectecondary or
guaternary structure (data not shown; the methods and results/@vgrsimilar to

those exemplified in reference [7]).

4.3.2. Catalytic properties of mutant enzymes diffe  r from those of the

wild-type enzymes only by small factors.

Table 4.2. shows the steady-state kinetic parameters obtainedh fpartial
kinetic characterization of Pf-SAHH, H¥EFc-SAHH, and TdBHsS-SAHH. The
parameters consist, for the hydrolysis of AdoHcy, of the vabfids,, Ky, and their
ratio (the full kinetics) and, for the synthesis of AdoHcy, the vabfes.,; and Ky

from variation of [Hcy] at a single concentration of Ado (ca. 25QK) and from
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Table 4.2 .Kinetic parametefdor Hs-SAHH, HSBATc-SAHH, Pf-SAHH, TcpAHSs-

SAHH and Tc-SAHH measured in 50 mM phosphate buffer, pH 7.4, 1 mM ETA

37°C.
kinetic Hs-SAHH® | Hs-pATc- | Pf-SAHH | Tc-pAHs- | Tc-SAHHP
parameter SAHH SAHH
[Ado] varied for synthesis of AdoHcy at [Hcy] = 1mM = ca. Sy
Keat (S™) 125+0.2 6.5+0.2 21+0.2 14+0.1 155+0.3
Km (UM) 1.5+0.1 3.5+0.1 2.0+0.3 0.7+0.1 1.2+0.1
10PkcalKm 8.3+0.6 1.9 £0.08 1.1+£0.2 2.0+0.3 129 £1.1
(M'sh
[Hcy] varied for synthesis of AdoHcy at [Ado] = 1 mM = ca. 250Kado
Keat (S™) 16.2+0.9 6.2+0.3 2.00.1 14+0.1 16.7+1.1
Km (UM) 160 £ 28 135+18 68 +5 40+ 6 219+ 26
106kcla{lKm 0.10+0.02| 0.05+0.01| 0.03+0.003 0.04+0.01| 0.08+0.01
(M7s")
[AdoHcy] varied for hydrolysis of AdoHcy
Keat (S™) 3.2+£0.1 3.1+0.1 05+0.1 0.8+0.1 3.7+0.1
Km (UM) 6.4+0.4 10.8+0.4 21+0.1 6.2+04 3.2+£0.3
106kcla{lKm 050+0.03| 0.29+0.01| 0.24+0.05| 0.13+0.02| 1.2+05
(M7s")

®Standard deviations were obtained from least-sgufittng of specific velocities to the Michaelis-
Menten equation by Origin version 7.5. The fit wasried out with the mean of values from three
experiments’Data for Tc-SAHH and Hs-SAHH from reference [6].
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variation of [Ado] at a single concentration of Hcy (ca.mhk). Corresponding
values for Hs-SAHH and Tc-SAHH from a previous study are @isluded in Table
4.2. Although the kinetic information on the synthetic reaction is inceti@pla
complete characterization with simultaneous variation of [Ado] aay][ would
have yielded precise values of ko KmHey and Kado [8]), the results are adequate to
demonstrate that these mutations isheet A produce no large effects on the
catalytic properties of either parent enzyme. All propemiesis§ATc-SAHH are
within 4-fold of the corresponding properties of Hs-SAHH. All propertoé Tc-

BAHs-SAHH are within about 12-fold of the corresponding properties of Tc-SAHH.

4.3.3. The dissociation of NAD * from Hs- BATc-SAHH is slightly faster
than from Hs-SAHH and the dissociation of NAD ¥ from Tc- BAHs-

SAHH is 13 times slower than from Tc-SAHH.

As previously observed with Hs-SAHH, Tc-SAHH and their mutamtghe
helix-18 region [6, 9], the dissociation of cofactor from the holoenzyseds to a
simple mono-exponential decay of the enzyme activity fromrmits&i value to zero.
The same is true with thfesheet A mutants and Pf-SAHH examined here (Fig. 4.2.).
Hs{$ATc-SAHH, with the two hydrophobic residues firsheet A replaced by two
hydrophilic residues (see Table 4.1.), showed a slightly fast& NW#ssociation rate
than the wild type Hs-SAHH enzyme. BPé&Hs-SAHH, having the two hydrophilic

residues irp-sheet A replaced by two hydrophobic residues, showed a'NAD
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Figure 4.2. The rate of dissociation NATrom Hs-SAHH, HSBATc-SAHH, Tc-
BAHs-SAHH, Pf-SAHH, and Tc-SAHH at 37 °C in 50 mM phosphate buffery gH

Data were calculated from three independent measurements.aléheanstants
(10%ko, S1) with standard deviations in parentheses are shown next to each curve
The curves correspond to an exponential decay of relative actwitydnity to zero

activity.
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dissociation rate constant 13 times smaller than that for T¢ESAsimilar in

magnitude to the rate constant for NA@issociation from Pf-SAHH.

4.3.4. The association of NAD * with apo-Hs- BATc-SAHH is qualitatively
and semi-quantitatively similar to the cofactor-ass ociation

processes of Hs-SAHH and Tc-SAHH.

The process of NADassociation with apo-H3ATc-SAHH is qualitatively similar to
that of the two wild-type enzymes, apo-Hs-SAHH and apo-Tc-SAHHe
association of NAD with the three apo-enzymes leads to a time-dependent rise in
activity that can be described by three constants:thfe initial enzyme activity at
time zero; kpp, an exponential relaxation constant; andthe final enzyme activity
[6]. A, is a measure of the amountfaét binding of the cofactpoccurring within the
dead time of the experiment. The paramejgyik the rate constant festow binding

of the cofactorwith A; measuring the amount of total binding (fast plus slow) and A
- A, measuring the amount of slow binding. The constagt®\A and kp, (and thus
the fraction of fast binding, the fraction of slow binding, and theaastant of slow
binding) are all dependent on [NAD Figure 4.3.A shows the dependence of the
fractions of fast and slow binding as a function of [NARr Hs-BATc-SAHH, and

Fig. 4.3.B shows the dependence gf kn [NAD"].
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Figure 4.3. A: The dependence on [NAPof the fractions of enzyme activity
generated with HSATc-SAHH in the fast-binding phase, the slow-binding phase,
and the total activity. B: The dependence on the concentration of NARe rate
constant for the slow-binding phase of the association of N the apo-forms of
Hs$ATc-SAHH at 23 °C and pH 7.4. The curves show the best fit of tleetdatqs

2 with the parameters given in Table 4.3. (also shown on Fig. 4.3.B).
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Table 4.3.Values of rate and equilibrium constants in the kinetics of theafas
slow binding phases of the association reaction of Niith Hs-SAHH, HsBATc-
SAHH, Tcf§AHs-SAHH, Pf-SAHH at 23 °C and pH 7.4, from reference [6] and from

fits of the data in Figs. 3-5 to egs. 2.

Ko, M Ka pM K+, uM Ka S ko/Ka M7s”
Enzyme binding to fully  binding to  binding to fully transformation binding and
functional sites non- functional sites  of non-functional transformation of
of apo-SAHH  functional  of holo-SAHH apo-sites to apo-sites to holo-
sites of functional holo-sites sites
apo-SAHH

Hs-SAHH 33+4 19+8 1.4+03 55+08x1F 29+12x16
n=33+14

HsPATc- | 30%2  17+7 20+02 39+06x16 23+09x10
SAHH

Tc-SAHH 38+9 3.8+ 18+04 6.0+02x10 16+03x10

0.6
n=16+0.4
K, K, mM Ks ko, ST kKo Ms?
Tc-BAHSs- a 5.8 + a 21+0.1x10 0.36+0.04
SAHH 0.5
Pf-SAHH a 7.9+ a 1.6+02x10 0.20+0.05
1.7

4The data for total binding to TRAHsS-SAHH and Pf-SAHH in Fig. 4.5.AB show anomali@spoor
fit for total binding to a saturation function arfdr TcfAHs-SAHH, a decrease in binding at higher
[NAD ], so that estimates of the constant(&ither from total binding or slow binding) arkely to be
erroneous. The data for fast binding to either emgyeven at levels approaching 10 mM [NADare
insufficient to contain any information on the sation constant K Thus we omit estimates of Knd
Ko.
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A model that accounts for such results [4, 6] envisions an apo-enaitme
two classes of active sites, equal in number: one which genéulitastivity when
occupied by cofactor, but which binds cofactor relatively weakly; hamotvhich
generates no activity when occupied by cofactor, but which bindstooflatively
strongly. The binding occurs rapidly on the time scale of tiper@xent. The activity
at time zero Ais given by eq 2a, allowing for the activity-generatiadf of the sites
to become saturated with NADvith dissociation constantskand Hill coefficient n.
Here, A represents the total enzyme activity at a saturating [[J/ARer completion
of slow binding. Occupancy of the second class of sites producesvity astit their
binding of the cofactor (dissociation constan) Ktimulates the slow conversion of
these sites (rate constantt& sites of full activityand simultaneous conversion of all
sites to ones of higher affinity for cofactor (dissociationstant K) than either class
of binding sites in the apo-enzyme. The dependencer ahd kp, on [NAD'] are
thus given by egs 2b and 2c, where the treatment is simplifielebgrhission of

possible cooperativity (n = 1).

Ao = (AJ2){[NAD "T"/(K", + [NAD™]")} (2a)
Ar = (A}INAD "J/(K; + [NAD™])} (2b)
Kapp = k{[NAD "J/(Ka+ [NAD™])} (2c)

The curves shown in Fig. 4.3.A are plots of/ (fast binding), [A - AJJ/A;

(slow binding), and AA; (total binding) with the parameters,kn, and K shown in
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Table 4.3. The curve shown in Fig. 4.3.B is a plot of eq 2c with the pemakeand

Kashown in Table 4.3.

4.3.5. The association of NAD * with apo-Tc- BAHs-SAHH is quantitatively
similar to the cofactor-association process of apo- Pf-SAHH and

very different from those of either apo-Hs-SAHH or apo-Tc-SAHH.

In contrast to Hs-SAHH, HBATc-SAHH, and Tc-SAHH, all of which
undergo fast and slow binding of cofactor with initial and final dofadissociation
constants K K, and kK in the micromolar range, the levels of cofactor required for
association with apo-TBAHs-SAHH are in the millimolar range (Fig. 4.4.A). This

behavior emerges as very similar to that of Pf-SAHH (Fig. 4.4.B).

Application of the model leading to egs. 2 then produces the results ghown
Fig. 4.5.A for the cofactor-concentration dependence of the fraabiofest binding
and slow binding, and in Fig. 4.5.B for the cofactor-concentration dependetiee of
rate constant for slow binding. The curves plotted in Fig. 4.5. correspotite t
parameters shown for TAHs-SAHH and Pf-SAHH in the lower part of Table 4.3..
As expected, the initial and final equilibrium cofactor-dissociationstants for these
two species are larger than those for Hs-SAHHBASe-SAHH, and Tc-SAHH by
3-4 orders of magnitude. The rate constant for slow binding, howevein® in the

same range for all enzymes.
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Figure 4.4. Time dependence of NADbinding to TcBAHs-SAHH (A) and to Pf-

SAHH (B) as measured by the development of catalytic actikg the concentration
of cofactor increases, the intercept at zero time incredassinding, within the

dead-time of the experiment), the final activity increased,the rate of approach to
the final level (slow binding) increases. Note that in both cakesgdfactor levels

required to reach final binding that approaches complete satunatthin the two-

hour period are of millimolar magnitudes.
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Figure 4.5.The dependence on [NAPof the fractions of enzyme activity generated

with Tc-fAHs-SAHH (A) and Pf-SAHH (B) in the fast-binding phase, the slow

binding phase, and the total activity. C: The dependence on the conoantfat

NAD" of the rate constants for the slow-binding phase of the assocat NAD"

with the apo-forms of TBAHs-SAHH and Pf-SAHH at 23 °C and pH 7.4. The

curves show the best fit of the data to eqs 2 with the paresrgiteen in the lower
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part of Table 4.3. (also shown on Fig. 4.5.C). increasing with temperatuow
temperatures and decreasing with temperature at high tempsrailms behavior
was noted [6] to correspond to a model in which the normal riséencomstant as
temperature rises is opposed by a local, reversible unfolding phenorsedo that
the cofactor binding site becomes increasing disabled as tempeisgsterhus k=
kon(1/[1 + Kyn]), where K, is the equilibrium constant for local unfolding and the

factor in parentheses gives the fraction of still folded enzyme.
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4.3.6. The Temperature dependence of the associatio n reaction of NAD *
with apo-Hs- BATc-SAHH s little changed from that of apo-Hs-
SAHH while cofactor association with apo-Tc- BAHsS-SAHH is far

slower than cofactor association with apo-Tc-SAHH.

For association of NADwith Hs-SAHH and Tc-SAHH, it was previously
established that at [NAIDD= 5 uM, the fraction of fast-binding was negligible and the
dependence of the slow-binding rate constagf &n [NAD'] was linear. Thus a
phenomenological second-order rate constant for slow binding, which neteds,
can be obtained as¢[NAD]. The measurements were possible over a range of
temperatures [6]. Figure 4.6.A presents the effect of tempem@tukgin the form of
Eyring plots for Hs-SAHH, H$ATc-SAHH, and Tc-SAHH. The curves in all cases

are biphasic, with k
The temperature dependence of the apparent association cogsisrhdn
described by eq (3), where we take the standard-state comicentod NAD",

[NAD*]ss= 1 M:

tn (kJ/T) = (ASon/ R) — AH% / RT) —tn {1 + exp [AS°un/ R) — AH%,/ RT)]}

tn [NAD*]ss+ tn (k/h) 3)
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Figure 4.6. Temperature dependence of the rate constant for the slowing-binding
phase of the association of NABith apo forms of Hs-SAHH, HBATc-SAHH, Tc-
SAHH (A), Pf-SAHH and T@AHs-SAHH (B). The curves are plots of eq (3) with

the parameters listed in Table 4.4.
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Table 4.4. Thermodynamic and quasi-thermodynamic paranfetéss NAD”
association with Tc-SAHH, Pf-SAHH, TgAHs-SAHH, HSBATc-SAHH, and Hs-

SAHH at temperatures in the interval 10 - 45 °C, pH 7.4.

Enzyme AS¥on AH*, ASun AH%,  AH°WASun
(J/K-mol)  (kI/mol)  (I/K-mol)  (kI/mol) (K)

56+9 38+3 788 +5 243 +2 308 £3
(35°C)

Hs-SAHH

Hs3ATc-SAHH -8+ 12 52+ 4 752+ 6 233+ 2 310+ 4
(37 °C)

Tc-SAHH 225+13 118+4 631+8 182+2  288+5
(15 °C)

Tc-BAHS-SAHH 83+ 33 98+ 9 599+ 8 178+ 2 297+ 5
(24 °C)

Pf-SAHH 83+318 100+91 1205+34  354+10 294+ 12
(21°C)

®Parameters were obtained by least-squares fitting to eq 3 (Origiarvérs). The
subscript “on” identfies the quasi-thermodynamic parameters of activatitimefor
binding rate constant of the slow-binding phase of cofactor binding. The subscript
“‘un” identfies the equilibrium thermodynamic parameters for local unfolehirgy i

near the cofactor binding site.
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In eq (3), the subscript “on” denotes the quasi-thermodynamic paaasodt
activation for cofactor binding and the subscript “un” denotes thentheiymamic
parameters of the reversible unfolding process. The values ofnthalpes and
entropies are given in Table 4.4. The table also gives thendtig/AS’,, as a rough

measure of the “melting temperature” for the presumed local struatamaltion.

4.3.7. The temperature dependence of the dissociati on reaction of the
mutant enzymes is qualitatively similar to the biph asic

dependence for the wild-type enzymes.

Figure 4.7. presents Eyring plots of the first-order rate constaatdor
dissociation of the cofactor NACfrom the mutant enzymes, HATc-SAHH (29 °C
to 455 °C) and T@HAHs-SAHH (23 °C to 43.5 °C). Previously measured
dependences [6] are shown for the wild-tpe enzymes, Hs-SAHH aBdHEl. The
Eyring plots for all enzymes are nonlinear, consisting ofheali low-temperature
regime and a linear high-temperature regime. As before [6]Eyring equations (4a

and 4b) were used for fitting of the data.

koit / (KT/h) = {exp [ @S,/ R) — AH* / RT)]} (4a)

koit / (KT/h) = {exp [ AS"/ R) — AH*, / RT)]} (4b)
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Figure 4.7. Temperature dependence of the rate constgnffdc dissociation of
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are intersecting Eyring plots with the parameters given in Table 4.5.
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Table 4.5. Quasi-thermodynamic parameters of activation for the lompé&zature
and high-temperature regimes, and conversion temperafiyrbstween the regimes
for NAD" dissociation from Tc-SAHH (21 °C to 37 °C), B&Hs-SAHH (23 °C to
43.5 °C), HSBATc-SAHH (29 °C to 45.5 °C), and Hs-SAHH (31 °C to 45.5 °C) at

pH 7.4.

Enzyme ASF AH* ASH, AH*, To, K
(J/mol-K) (kd/mol) (JI/mol-K) (kI/mol)

Tc-SAHH 170+15 154+8 610+30 287+8 302z 34
(29 °C)

Tc-BAHs-SAHH 18313 154+8 453+22 237+10 307 =56
(34 °C)

HsBATC-SAHH 111+6 135+5 644+24 302+10 313+25
(40 °C)

Hs-SAHH 50+ 2 116 +4 600+25 297+9 314+21
(41 °C)

*Temperature of intersection of the high-temperature and low-temperanlys of
the temperature dependence and thus the apparent temperature of conversion
between the two regimes.

146



In above equations, the subscript denotes the quasi-thermodynamic
parameters of activation for the low-temperature regime andulb&cript h denotes
those for the high-temperature regime. Table 4.5. summarizeslties wh the quasi-
thermodynamic parameters of activation. The conversion tempeiattioe passage
from the low-temperature regime to the high-temperature eegias calculated from

eq (5) and values are also listed in Table 4.5.

To= [(AH) — AH" )]/ [(AS™h) — (AS")] (5)

The Eyring plots for the mutants HB&Tc-SAHH and TcBAHsS-SAHH are
similar in character to the ones for Hs-SAHH and Tc-SAHH amdétween the
latter. The values listed in Table 4.5. show that a low-enthaipsi] positive entropy
dependence at low temperatures is replaced by a high-entlaalye positive entropy

change at high temperatures for both wild-type enzymes and mutant enzyme

4.4. Discussion

4.4.1. Mutants at sites in  B-sheet A of the Rossmann motif of Hs-SAHH
and Tc-SAHH, the “parasitized” human enzyme Hs- BATc-SAHH
and the “humanized” parasitic enzyme Tc- BAHs-SAHH, exhibit
intact secondary and quaternary structure and catal ytic

properties little changed from those of Hs-SAHH and Tc-SAHH.
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The loci and character of the mutations V215C/V217C in Hs-SAHH and
T214VIC216V in Tc-SAHH are not expected to cause changes in secoodary
guaternary structure, given the strong similarity of thesetstes in the two wild-
type enzymes, Hs-SAHH (11-15) and Tc-SAHH (16), and indeed the aircul
dichroism spectra are near-identical and size-exclusion chroraptggshows both
mutant enzymes to be homotetrameric. Little effect is atpeaed on the catalytic
properties as the mutational loci are quite distant from thefsikemical changes in
catalysis (Fig. 4.1.) and the catalytic properties of Hs-SAkitd Tc-SAHH are
themselves not very different. Indeed all four enzymes are vewas in their

catalytic properties (Table 4.2.).

4.4.2. The complete dissociation of the cofactor NA D" from all four
subunits of the mutant enzymes Hs- BATc-SAHH and Tc- BAHs-
SAHH is a simple first-order reaction with rate con stant
intermediate in magnitude between those of Hs-SAHH and Tc-

SAHH.

It was established in previous work that dissociation of the four bound
cofactor molecules from the tetrameric Hs-SAHH and Tc-SAg¢idymes [6] and
enzymes mutated at sites in helix-18 [4] was in each casepde single-exponential
relaxation process. In contrast to the very similar cataptoperties of Hs-SAHH

and Tc-SAHH, Hs-SAHH underwent cofactor dissociation at 37 °C yhéaf-fold
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more slowly than Tc-SAHH (these data are also shown in Fig. Zti&)dissociation
rates for the mutant enzymes p&Tc-SAHH and TcBAHs-SAHH fall between the
rates for Hs-SAHH and Tc-SAHH, in a pattern that was aise tor the helix-18
mutants [4]. Cofactor dissociates from the “parasitized” hunmaymee, HSBATc-
SAHH, more rapidly than from Hs-SAHH, but only by less thanc¢ofaof two (Fig.
4.3.). Cofactor dissociates from the “humanized” parasitic enzympAmHs-SAHH,
more slowly than from Tc-SAHH but here by a more substantebifaof 13 (Fig.

4.2)).

This pattern was previously seen [4] with mutations in helix-1B5AHH
and Tc-SAHH: “parasitizing” mutations of Hs-SAHH tended to prodsro@ll shifts
of enzyme properties in the direction of the properties of Tc-SAKMHile
“humanizing” mutations of Tc-SAHH produced larger shifts of enzpnoperties in
the direction of the properties of Hs-SAHH. It was noted that Ald¥bhad a larger
total helix propensity for helix-18 than was the case for Tc-8BAHNnd that Hs-
SAHH might therefore have a more robust or rigid and lesk/gesturbed helix-18
than Tc-SAHH. The mutational effects for Tc-SAHH would then bgelathan those
for Hs-SAHH, as observed. A similar case could also be made thertotaB-sheet
propensity of3-sheet A of the Rossmann motif is about 7.2 for Hs-SAHH and 6.4 for
Tc-SAHH. Thusp-sheet A may be more robust and less easily perturbed in Hs-
SAHH, giving rise to smaller mutational effects, then in Td45A where larger

mutational effects are observed.
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4.4.3. Association of NAD * with the “parasitized” human enzyme apo-
Hs-BATc-SAHH resembles association of NAD  * with apo-Hs-SAHH

and apo-Tc-SAHH, both qualitatively and quantitativ. = ely.

Cofactor association with the apo-enzymes of Hs-SAHH, Tc-SAdtid their
mutants at helix-18 sites exhibits a kinetic pattern sinbdahat for association with
apo-HsBATc-SAHH (Fig. 4.3.). This pattern is consistent with a model hatieg

following properties [4, 6]:

(a) The tetrameric apo-enzyme has four cofactor-binding sitgsfall into

two classes, equal in number.

(b) Half of the sites exhibit a relatively larger cofactmsdiciation constant
Ko (ca. 33uM for Hs-SAHH) and occupation of these sites by cofactor pradace
full complement of catalytic activity. These sites are dgpbccupied (within the
dead-time of the experiment), and give rise to an irfast-bindingactivity A, which
increases with cofactor concentration according to eq 2a above. FaAHd and

Tc-SAHH, fast binding is cooperative with Hill coefficients n around 2-3.

(c) Half of the sites exhibit a relatively smaller cotaetlissociation constant

Ka (ca. 19uM for Hs-SAHH), are also rapidly occupied but generate no immesdiat

catalytic activity. Instead, occupancy of these sites stiewla time-dependent
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conversion of all sites in the enzyme (rate constagy to sites of full activity A
with a still smaller cofactor-dissociation constant KThe cofactor-concentration
dependences of tAand kg, are given by eqgs 2b and 2c, respectively. $loav-

bindingactivity is A - A..

(d) Plots of the dependence on cofactor concentration of the fractidast-of
binding activity (AJ/A:), of slow-binding activity ([A— Ao)/A:), and of total binding
activity (Ai/A:), where A is the final activity after slow binding is complete of the
fully saturated enzyme, give the appearance of Fig. 4.3.A. Brithity fast-binding
curve tends to be sigmoidal, not hyperbolic, so that relatively fést binding occurs
at low cofactor concentrations. This gives rise to the steepaserof the slow-
binding curve at low cofactor levels, with slow binding accounting3@i% or more
of the total. As the fast binding mode begins to account for more bjnith@gslow-
binding curve drops and both then level off at half of the total bindingdord with

the equal populations of the two kinds of sites.

(e) Plots of ky, against cofactor concentration have in previous work, tended

to present an appearance similar to Fig. 4.3.B.

Apparently, as Fig. 4.3. suggests, the same model can describedbiatam

of NAD" with the “parasitized” human enzyme B&Tc-SAHH. Indeed, essentially

all of the quantities determined in the analysis are nearlgaime for Hs-SAHH and
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Hs$ATc-SAHH and only slightly different for Tc-SAHH (upper part Déble 4.4.).
This may indicate that the structural and dynamic phenomena unddegatures (a),
(b), and (c) of the association model described above are insetwsisitracture irf3-

sheet A of the Rossmann motif.

4.4.4. Association of NAD * with the “humanized” parasitic enzyme apo-
Tc-BAHs-SAHH differs radically from association of NAD T with
apo-Hs-SAHH or apo-Tc-SAHH, but resembles associati  on of

NAD™ with apo-Pf-SAHH.

Fig. 4.4. shows the time courses of the binding of NA® apo-TcBAHSs-
SAHH (Fig. 4.4.A) and to apo-Pf-SAHH (Fig. 4.4.B). These time cauresemble
gualitatively the corresponding data for binding to apo-Hs-SAHH podla-SAHH:
the initial activity A, the final activity A, and the relaxation constarndpkall rise
with increasing [NAD]. However, the range of [NAI required to span a
corresponding range of the parameters for apo-Hs-SAHH and aéHEl was 1 -
100 uM whereas in Fig. 4.4., the range for apofPRd4s-SAHH is 40uM to 6 mM

and the range for apo-Pf-SAHH is 3001 to 7 mM.

Obviously the chemical potential of NADequired to drive cofactor binding

to these two enzymes is greater than the requirement for HH#SAs$ATc-SAHH,

and Tc-SAHH by around 2 orders of magnitude. Indeed the complet& kpnefile
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of association could not be explored except by use of cofactor Ewateaching 20
mM, at which point anomalies (perhaps arising from self-associglO, 11] or
inhibition of enzyme activity) are already appearing. Because thesilgleedata (Fig.
4.5., Table 4.3.) are limited and partly anomalous, it cannot be defisitelyn that
the model described for the other enzymes also holds for cofastmriatson with

apo-TcpAHs-SAHH and apo-Pf-SAHH.

However, if it is assumed that the model holds, then the derived garame
(lower part of Table 4.3.) suggest that initial cofactor bindingh® dpo-enzyme
occurs with dissociation constants, kh the millimolar rather than the supra-
micromolar range. The rate constagtfdr slow binding is not so different from that
seen with Tc-SAHH, but the greatly increased dissociation consiakes the value
of ky/K4 smaller by nearly four orders of magnitude.

The structural basis for this phenomenon is currently unknown. It isg bein

investigated by computational methods.

4.4.5. The temperature dependences of the slow-bind ing rate constants
for association of NAD * are similar for apo-Hs-SAHH and apo-Hs-
BATc-SAHH and four orders of magnitude faster than f  or apo-Pf-

SAHH and apo-Tc- BAHs-SAHH.
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It has already been noted and discussed [4, 6] that the locatusal
transition that impedes cofactor association occurs in apo-Td-S#H substantially
lower temperature (15 °C) than is the case for apo-Hs-SAHHE35Mutations in
helix-18 of the cofactor binding site that interchanged human/parasitictures,
analogous to thel-sheet A mutations reported here, gave rise to species with
intermediate transition temperatures. dA8Pf-SAHH showed a small shift (perhaps
none) from 35 °C to 33 °C, while Tactd8Hs-SAHH showed a dramatic shift from 15
°C to 30 °C. This and other evidence led to the tentative conclusiorhéh&itie of

this local alteration is, in fact, helix 18.”

The results reported here require a more complex picture (Fig.Téléle
4.4.). The mutant enzyme H#&Tc-SAHH gives a temperature dependence
(transition temperature 37 °C) scarcely distinguishable from dhais-SAHH, in
agreement either with the locus of the transition being elsewhere (perhapSheir
instead with the robustness [Bheet A in the human enzyme, in common with the
robustness of helix 18 in the human enzyme. The mutant enzyrffAHE-SAHH
shows a transition temperature of 24 °C, dramatically shiftech flhe Tc-SAHH
value of 15 °C in the direction of the human enzyme. This result waglgkst a role
for B-sheet A in controlling the transition or at least an interadietween structure

atB-sheet A and at helix 18 during the transition.
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Far more striking is the fact that the values gf &e smaller by a factor
around 40,000, a property that is shared by the wild-type plasmodianen2f
SAHH. These two enzymes, Pf-SAHH and fAHs-SAHH, also share the property
of possessing 8-sheet A consisting of four hydrophobic residues followed by a
cysteine (Table 4.1.) and they possess the two highespiskedet propensities (8.34
and 7.71, respectively) in Table 4.1. We hope that theoretical worlelmeigate the

molecular origins of this phenomenology.

4.4.6. The temperature dependences of the rate cons tants for
dissociation of NAD * from Hs- BATc-SAHH and Tc- BAHS-SAHH are
similar in character to and quantitatively intermed iate between

those for Hs-SAHH and Tc-SAHH.

The temperature dependences of the cofactor-dissociation rataragsr(sig.
4.7., Table 4.5.) can be seen from a far simpler perspective. The bidepsndence
with a shift to higher enthalpies of activation at temperatums 29 °C (Tc-SAHH,
with the fastest dissociation) to 41 °C (Hs-SAHH, roughly 10-30-fdtoveyr
dissociation) is reproduced by the mutants, with the properties ¢ARs-SAHH
scarcely changed from those of Hs-SAHH, whilefRd4s-SAHH shows a large shift
from Tc-SAHH in the direction of Hs-SAHH. Thus the indicationaofobustness of
the Hs-SAHH properties, contrasting with the malleability of-SARHH, is

maintained.
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4.5. Summary and Conclusions.

The following generalizations may be advanced:

1. As with the helix-18 mutants [4] in chapter 3, the mutants hecas$ied in
B-sheet A of human and trypanosomal SAHHs have negligible etiadfse catalytic
properties of the enzymes, as is expected, in one sense, folomaltaites so distant
from the locus of the catalytic chemistry (see Fig. 4.1.). Althaughh evidence on
hydride-transfer processes of exactly the kind that parteipathe redox partial
reaction of SAHHSs [12] indicates the vibrational involvement ofatenresidues in

catalysis, the present study has produced no such indications.

2. For the kinetics of dissociation of cofactor from the enzyme hanl t
temperature dependence (Fig. 4.2., Fig. 4.7., Table 4.5.), the introduction of mutations
in Hs-SAHH such tha-sheet A of the Rossmann motif more closely resembles the
same structure in Tc-SAHH (“parasitizing” mutations, fi#sFc-SAHH), the rate
constants and their Eyring plot are moved away from the data ifdstype Hs-

SAHH in the direction of the data for wild-type Tc-SAHH. Caependingly, the
introduction of “humanizing” mutations ifi-sheet A of the Rossmann motif of Tc-
SAHH (Tc$AHs-SAHH) results in changes of the rate constants and tlyeing=
plots in the direction of the data for wild-type Hs-SAHH. Hesaraother cases, the

mutationally induced changes are larger in magnitude for Tc-SAHH fibraHs-
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SAHH, in agreement with ascription of greater structural robastoe resilience to
Hs-SAHH in contrast to Tc-SAHH. In a development (Fig. 4.2.) pinasages other,
more dramatic findings described below, the rate constant fortapféissociation at
37 °C, pH 7.4, for TGAHs-SAHH (36 x 10 s* vs. 461 x 10 s* for Tc-SAHH) is

very close to that for the wild-type plasmodial enzyme Pf-SAHH (453D

3. The kinetics of NAD association for the “parasitized” human enzyme Hs-
BATc-SAHH are similar to and intermediate between the datathe wild-type
human enzyme Hs-SAHH and the wild-type trypanosomal enzyme HiHSKig.

4.3., Table 4.3.; Fig. 4.6., Table 4.4.). In stark contrast, the “humanized”
trypanosomal enzyme TRAHS-SAHH exhibits an equilibrium dissociation constant
for cofactor after slow binding that is 2-3 orders of magnitudekareaoughly
millimolar rather than micromolar, than for Hs-SAHH, Tc-SAH&hd HsBATc-
SAHH (Figs. 4.4 and 4.5., Table 4.3.). The slow binding rate constants, hrpweve
similar for all four enzymes. The data for fAHs-SAHH are extremely similar to
those, where available, for Pf.-SAHH (Figs. 4.4 and 4.5, Table 4.3.46ig.Table

4.4).

4. The results reported here for mutationg-sheet A of the Rossmann maotif,
like those reported earlier [4] for mutations in helix 18 of the atofabinding site,
support the proposal [4, 6] that design of inhibitory ligands for bindinget@dfactor

site, rather than in the catalytic site, is a promising approach to antitiparesapy.
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Chapter 5

The Role of Lysyl and Tyrosyl Residues of the C-ter minal
Extension in Comparative Kinetics of Cofactor Assoc iation

and Dissociation for Hs-SAHH and Tc-SAHH.

5.1. Introduction

Several X-ray crystallographic structures of Hs-SAHH [bp arc-SAHH
(unpublished data of Drs. Q.-S. Li and W. Huang) are available. BothHSAdtle
homotetramers and each subunit contains a substrate-binding domain, arcofact
(NAD*/NADH)-binding domain and a C-terminal tail which covers the dofac
binding site of the neighboring subunit (Fig. 5.1.). A lysine and a tygdsicated on
the C-terminal chain are very close to the NAD(H) cofactatha x-ray structures
and may make important contributions to the cofactor binding of &t¢HS. The
studies of the kinetics and thermodynamics of the association a@sdciition
reactions of the nicotinamide cofactors study on cofactor bindindgseéSAHH and
Tc-SAHH, revealing significant differences in binding propertiesvben these two
enzymes. However, the atomic-level mechanism of the differeniatinamide

cofactor binding properties between Hs-SAHH and Tc-SAHH is not yat @lg
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Figure 5.1. The “dimer” structure of SAHHs [1]. The contributing monomers ar
shown in red and green, with cofactor ligands in blue ball-and-stjglesentation
and a substrate-analog ligand in a gold ball-and-stick reprasentéhe C-terminal
extension of each monomer, containing helix 18, can be seen pewetrdat the
partner monomer to form part of the cofactor binding site (topifefjreen; bottom
right, in red). K426 (yellow) and Y430 (purple) are located in the findlbetween

helix 18 and the C-terminus.
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To analyze microscopic differences in NAD binding to Hs-SAHH &od
SAHH, we have performed calculations of cofactor binding free geserand
computational alanine scanning (CAS) based on the Molecular Meshanic
Generalized Born Surface Area (MM-GBSA) approach. The fneegg calculations
allow the identification of residues which contribute the most toctofebinding.
CAS is a different approach, using computational mutagenesisvaemredictions
of key residues in protein structure and/or function [5]. Accordindn¢oincreased
binding free energy caused by alanine mutation, residues mayviodled into hot
spots (> 4.0 kcal/mol), warm spots (2.0 — 4.0 kcal/mol) and null spots (< 2.0
kcal/mol) [6]. The identified hot spots may then be used to guide fukearch on
protein structure and function [5]. In present study, experimentahgenesis was
performed to test the computational calculations for two paic®wderved residues:

a lysine and a tryptophan in the C-terminal tail in both enzymes.

5.2. Methods:

5.2.1. Computational procedures:

The starting crystallographic structures of Hs-SAHH dmdSAHH were

downloaded from the Protein Data Bank (PDB), entries 1A7A and 1XBE,

respectively. Calculations for another crystal structure ofSABH (PDB code:

1I1L4) yielded very similar results. Thus, only the data for IA&A structure are
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shown in this study. The 1A7A structure was solved by incorporatiegism atoms
(SE) in place of the sulfurs in Met residues. Assuming thattes not influence the
structure, Se atoms were replaced by S atom and the residus waneechanged
from MSE to MET. After this modification, the 1A7A structure weasady for
calculation. The simulation system was set up using the Xleap motiélmber 7
software. According to the SAHH’s homotetramer structure, subfratsd B form a
dimer, with the second dimmer formed by subunits C and D. To cal¢h&t@nding
free energy of NADH to subunit A, our analysis includes thelues of subunit A as
well as the C-terminal tail of neighboring subunit B, which fertose contacts with
the NADH bound to A. In brief, the protein (AB dimer with two NADH bolumds
solvated using a periodic truncated octahedral box of 29,419 water naslecul
described by a TIP3P model [7], extended to a distance of 10 A from any stint.
The system was then neutralized by 16 sodium cations initiadlyedl around the
protein using a Coulombic potential on a grid. Then all minimizaiwh MD were
performed in the Amber 7 suite of programs. The ff99 force figdn(99) was used
for proteins and NADH cofactor throughout the energy minimizationNAbd The
starting geometry of ligands was taken from the protein P2B.firhe input files of
ligands for MD simulation were prepared with the antechAmber anogn Amber 7
which uses the General Amber Force Field (GAFF). Partialgekaof the ligand

atoms were calculated with the AM1-BCC method available in antechA@er

5.2.1.1. Energy Minimization.
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The energy minimization was performed using the sander module in the
Amber 7 suite of programs with the particle - mesh Ewald mettodclusion of
long-range electrostatic interactions [9]. There were twages of energy
minimization. In the first stage, only water molecules wersirmzed while the
protein was fixed. The second stage minimized the entire syskanh stage was
conducted with 500 cycles of steepest descent followed by 4500 cengtgps of

gradient minimization. The non-bonded cutoff was set to 12.0 A.

5.2.1.2. Molecular Dynamics Simulations.

The equilibration process was carried out in two stages followingrtitecol
suggested in the Amber manual. In the first stage, the systsniheated gradually
from a low temperature of 100 K to 300 K over 10 picoseconds (ps) siomutatie
with a time step of 2 femtoseconds (fs). A cutoff distance of 12a8 used for the
non-bonded interaction. The SHAKE algorithm was used to constraitahds
involving hydrogen atoms and the force evaluations for these bondométed. A
periodic boundary with a constant volume and without pressure control wds us
Then a second 10 ps equilibration was continued under a constant pregsb@e a
constant temperature with isotropic position scaling to adjust thetylehsvater to
experimental values. After that, the whole system was equéibrfar 100 ps under a
constant temperature of 300 K and a constant pressure of 1 bar. AESH

algorithm and 2 fs time steps were employed through all MD stages.
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A 500 ps production run was performed with the same protocol as iméte fi
stage of equilibration. After the simulation was completed, tha ptiodule in
Amber 7 was used to re-image the whole trajectory (includingaalilibration and
production runs), antb remove the waters and Nfmom the trajectory file, ando
calculate the root-mean-square deviations (rmsd) of backbone atomhf starting
structure over the whole course. Fifty snapshots were takepsintervals from the
section of the MD trajectory where the rmsd reached a plateag used for further
analysis. These sections corresponded to a rmsd of about 1.7 A féxHi#shd a

rmsd of about 1.3 A for Tc-SAHH.

5.2.1.3. Calculation of binding free energy by MM-G  BSA.

MM-GBSA was used in evaluating binding free energies of dbiactor
NADH to SAHH. In this method, the thermodynamic cycle shown in Sehgrh.

was used to calculate the binding free energy:

165



Scheme 5.1.:

_ AGpindinc

Ligand, + Receptay ——— Complex,
-AGsol 'AGsol + AGsol
(Ligand)| (Recepto (Complex)

AGgya
Ligandyas + Receptfa —>'q Complexa
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The free energy of a molecule (ligand or receptor or comphMxgh is a sum
of the internal energy, the electrostatic interaction enerigg, ian der Waals
interactions, the free energy of polar solvation, the free gradrgonpolar solvation

and the entropic contribution to the molecular free energy, is calculated as:

Gmolecule: <E|nternaP + <Ee|ectrostati? + <EvdW> + <Gpolar-solvati0|? + <C':lﬂlonpolar-solvatio?

AS -T 1)

Here, the symbol < > denotes an average over a set of snapshgtaaMD
trajectory. Eemalincludes the bond, angle and torsional angle energigg:-Saation
was calculated with the GB model of Sander. It describes tHeratite in
electrostatic free energy between charging up the solutadnum and the solvent
modeled as a dielectric continuum. The polar solvation process is emit@lthe
transfer of a protein from one medium whose dielectric constaquial to that of the
interior of the protein to another medium whose dielectric constatual to that of
the exterior of the protein. fgpolar-sovatiodNcludes cavity creation in water and van
der Waals interactions between the modeled nonpolar protein andma@ezules.
AGnonpolar-soivation= Y A + b, where A is the solvent-accessible surface area atdcul

by Paul Beroza'snolsurf program with the values of the constant 0.00542

kcal/mol- A and the constant b = 0.92 kcal/mol [10].
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The free energy of ligand (Cofactor) binding to receptor (Apoepzymform
the complex (Enzyme-cofactor) was calculated using the following equati

AGbinding = Gcomplex - (Gcofactor + Gapoenzyme) (2)

The aboveAGyas is the interaction energy between ligand and receptor in the
gas phase andGso(ligand), AGso(receptor),AGso(complex) are the solvation free
energies of ligand, receptor, and complex, which are estimateg astontinuum

approach.

Normal-mode analysis was used to estimate conformational er{Tayy.
Because this analysis requires extensive computer time, only six snapstetaken
in this study to estimate the order of magnitude of the confasnadtentropy. Also
the total number of atoms of the SAHH dimer (~16000) made calmugatn the

whole system impossible, so only one subunit was considered.

5.2.1.4. Calculation of energy decomposition by MM-  GBSA.

MM-GBSA calculations were performed using the mm_pbsa.pl serighea
Amber package. A single-trajectory approximation was used tmadst the free
energy of NADH binding from trajectories of the SAHH:NADH qalexes only and
what approximations this entails, which was assumed to providblesinformation

on the residues responsible for differential cofactor binding in humdrparasitic
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SAHHSs and in the calculation of the binding free energy of NADButaunit A. The
SAHHs used in analysis includes subunit A and its neighboring resithe<-
terminal tail of subunit B, which forms close contacts with theDKAbound to
subunit A. The simulated complexes include inhibitor-bound enzyme [closed-f
Hs-SAHH with DHCeA (pdb code: 1A7A) and closed-form Tc-SAHH witbpA
(pdb code: 1XBE)] as well as cofactor NADH. Our assumption iseihzyme has the
same conformation before and after cofactor binding, which may ntuéeThis
assumption simplifies the calculation and focuses on the role oksidues in the
experimentally determined complex structure on the binding fregeé cofactor
to enzyme. Based on this assumption, the snapshots for enzyme and coésetor

extracted from the MD trajectory projections.

5.2.1.5. Computational alanine scanning by MM-GBSA.

For alanine scanning, alanine was used to replace selectech pediglues
one at each time. This alanine mutation was assumed not to caigerifwant
conformation change from wild type enzyme, so snapshot of the ypidttajectory
were used in these calculations. The 38 residues within 5 A of AIEKHY binding
site in SAHHs were used in the binding free energy calculalibe. binding free
energy differences between the mutant and wild type complexes are defined as

AAGpinding = AGpinding-mutant AGpinding-wild type (3)
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5.2.2. Experimental procedures:

5.2.2.1. Construction of the mutants of Hs-SAHH and Tc-

SAHH.

The wild type genes of Hs-SAHH and Tc-SAHH were inserted in the pPROK-
1 vector (Clonetech, CA), respectively. Three alanine mutants (HsY430A31éK
TcY435A) were prepared by the site-directed mutagenesis PORe primer

sequences are listed below:

HsY430A: 5'-- CAAGCCGGATCACGCCCGCTACTGAGA -- 3’

5" -- TCTCAGTAGCGGGCGTGATCCGGCTTG -- 3’

TcK431A: 5" — ACGGCCCATTCGCGCCGGACCACTACC -3
5 — GGTAGTGGTCCGGCGCGAATGGGCCGT -3’

TcY435A: 5" — AAGCCGGACCACGCCCGCTACTAATCG -3’

5'— CGATTAGTAGCGGGCGTGGTCCGGCTT -3

The amplification reactions of HsY430A, TcK431A and TcY435A were
performed in a volume of 50L containing 20 ng template, 25 pmol of 5" and 3’
primers, 12.5 nmol of each deoxynucleoside triphosphate, 3 U native Pfu DNA
polymerase (Stratagene),us 10x Pfu buffer and 2.5L DMSO. The steps of the

PCR program were set up as follows: 1)°@2for 4 mins; 2) 25 cycles of 9L for
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30 sec, 52C for 30 sec and 68C for 20 mins; 3) 68C for 10 mins; 4) hold at 4C.

The PCR products of HY430A and TcK431A were purified with a QiageR PC
purification kit, while the PCR product of TcY435A contains two fragteeof
different sizes. The correct-size band (large size) wasmd collected from a 1 %
DNA gel (low melting point) and then the PCR product was redylolea Qiagen gel
extraction kit. These three purified PCR products were digest&pbly(Biolab) and
transformed intcE. coli competent cell stain JIM109 (Sigma). The purified mutant

genes were confirmed by DNA sequencing.

5.2.2.2. Determination of contents of NADH in isola ted Hs-

SAHH and Tc-SAHH mutants.

The mutant proteins (395g in 90uL of 50 mM phosphate buffer, pH 7.2, 1
mM EDTA) were mixed with 1QuL of 1 M N&COs/NaHCG;, pH 10.7. Then a
volume of 700uL of 95 % ethanol was added to denature the proteins and release
NADH into solution. After centrifugation for 10 mins at 18,760 xg to remove
precipitated proteins, the fluorescence intensity of NADH waasomed by a photon
technologies QM-3 scanning luminescence spectrophotometer. The tiexcita
wavelength was 340 nm and the emission wavelength was 450 nm. NAtarsis
were prepared ranging from 0.1-1®l. The NADH content of SAHH inactivated by

NepA was used as a control (100 % NA®duced to NADH).
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5.2.2.3. Determination of contents of NAD * in Hs -SAHH and

Tc-SAHH mutants.

The mutant proteins (39%g in 80uL of 50 mM KPB, pH 7.2, 1 mM EDTA)
were denatured by addition of 2. of 5 M HCIO,. Samples were centrifuged at
18760 xg for 10 mins at 4C to remove precipitated proteins. Supernatant was
injected into a reversed-phase C18 column (Vydac 218TP54, 30Qum, 8.5x250
mm) to measure the concentration of NA& 258 nm. The NADstandard curve
was made for a range of 1-20M. NAD" was eluted from the HPLC column at ~ 5.9
min by a gradient of 2-10 % mobile phase B over 20 min withow flate of 1

mL/min. Mobile phase A contained 10 mM 1-heptanesulfatic acid, 50 mMirsodi

phosphate, pH 3.2 and mobile phase B 80 % acetonitrile and 20 % 2-propanol.

5.3. Results:

5.3.1. Computational Results

5.3.1.1. MM-GBSA calculation of the free energy of NADH

binding indicates stronger binding to Hs-SAHH than

to Tc-SAHH.
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The calculated results are listed in Table 5.1. The free emdrginding of
NADH to wild type Hs-SAHH is much more negative (-42.43 kcal/rtiwd)n the free

energy of binding of NADH to wild type Tc-SAHH (-26.75 kcal/mol).

5.3.1.2. Single-residue contributions to free energ y of NADH

binding to Hs-SAHH and Tc-SAHH.

Hs-SAHH and Tc-SAHH share about 70 % identity of their amino-acid
sequences. In superimposed structures of Hs-SAHH and Tc-SAHH, the
superposition centered on the center of gragftyhe cofactor ligand NADH, there
are 38 protein residues within a spherical volume of 5-A radius about the cetfer of
cofactor. To identify protein residues with the largest contributiondifferential
cofactor binding of Hs-SAHH and Tc-SAHH, contributions to NADH bindireg
energy from everyesidue within 5A of the cofactor binding site were calculated and
the results are listed in Table 5.2. Thirty-four of these 38 resi(RO %) are identical
in Hs-SAHH and Tc-SAHH. Four pairs of these identical residiiestAaaTc#:
191ASN193; 243GLU242; 426LYS431; 430TYR435), which are shown in red, make
significantly different free-energy contributions to the bindingNADH to Hs-

SAHH and Tc-SAHH.

5.3.1.3. Hot spots of Hs-SAHH and Tc-SAHH identifie d by

computational alanine scanning.
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Table 5.1. Free energy calculation of NADH binding to the apo form ofSA$4H
(pdb code: 1A7A) and Tc-SAHH (pdb code: 1XBE) using the Generalized B&h (
method. The components are shown with the standard deviations of fit in parentheses.

AG

Cofactor + Apoenzyme «———  Enzyme-cofactor complex

AG = G(complex)-[G(receptor) +G(ligand)]

Contribution Apo-Tc-SAHH + NADH Apo-Hs-SAHH + NADH
(kcal/maol) (kcal/maol)
AEgjectrostati 122.95 (12.03) 174.88 (17.38)
AE 4w -87.00 (4.29) -84.73 (5.46)
AEinterna 0.01 (0-02) 0.02 (0.02)
AGAS 35.96 (11.50) 90.17 (15.54)
AGBsuyr -10.49 (0.16) -10.37 (0.18)
AGB -86.56 (10.15) -155.46 (13.43)
AGBso, -97.05 (10.13) -165.83 (13.45)
AGBg g 36.39 (5.42) 19.42 (7.64)
AGBrot -61.09 (4.46) -75.67 (6.81)
TAS* -34.34 -33.24
AGpinding -26.75 42 .43

TAS* was estimated for one chain bound with one substrate and one cofactor using
normal mode because of the limitation of the software. All other numbers were
estimated for dimer with two substrates and cofactors bound.

[Refer Amber Manual 7 GAS AEe|ectrostatic+ AE\/dW + AEinternai GBSUR -

hydrophobic contribution to slovation free energy for GB calculatios:-@eaction
field energy calculation by GB; GB. — GBsur + GB; GB:ig — GB + Ejectrostatic

GBror — GBsoL + GAS; AGpindging= AGBTOT -TAS.]
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Table 5.2.Free energy contribution of the 38 residues within 5 A of the NAD(H)
binding site in Hs-SAHH and Tc-SAHH. The unit of free energiadal/mol. Four
pairs of non-identical residues are shown in bold, while four pairessflues are

colored in red due to their significant difference in free energy conwibuti

Hs-SAHH 157 158 159 181 186 190 191 195 219 220
Residues THR | THR | THR | ASN | LYS | ASP | ASN | CYS | ALA | GLY

Free energy | -2.16 | -6.26| -1.48 0.04f -0.72 0.1D -6.29 | -0.60 | -0.90 | -1.55
Contribution

Tc-SAHH 156 157 158 180 185 189 190 194 218 219
residues THR | THR | THR | ASN | LYS | ASP | ASN | CYS | CYS | GLY

Free energy | -3.00 | -6.88| -1.54| -0.29 -1.36 0.45-155 | -0.16 | -0.86 | -1.30
Contribution

Hs-SAHH 221 | 222 223 224 225 242 243 244 245 248
Residues TYR | GLY | ASP | VAL | GLY | THR | GLU ILE ASP | ASN

Free energy | -1.44 | -5.23| -0.36) -5.19 -051 -0.15-3.30 | -3.06 | 0.27 | -1.19
Contribution

Tc-SAHH 220 | 221 222 223 224 241 242 243 244 247
residues TYR | GLY | ASP | VAL | GLY | THR | GLU | VAL | ASP | ASN

Free energy | -0.79 | -3.61 0 -4.71 -0.12 -0.28 -9.68 | -2.42 | 0.16 | -0.11
Contribution

Hs-SAHH 275 | 276 277 278 281 299 300 301 305 344
Residues THR | THR | GLY | CYS | ILE ILE GLY HIS | GLU | LEU

Free energy | -0.26 | -3.18| -0.27| -0.34 | -1.23 | -1.63| -1.41| -0.13 0.34 -0.60
Contribution

Tc-SAHH 274 | 275 276 277 280 298 299 300 304 | 343
residues THR | THR | GLY | ASN ILE ILE GLY HIS | GLU | LEU

Free energy | -0.13 | -3.56| -0.96| -0.67 | -0.98 | -1.85| -1.09| -1.96 0.5( -0.52
Contribution

Hs-SAHH 346 | 353 | 407* | 409* | 413* | 417* | 426* | 430*
Residues ASN | HIS | THR | LEU | GLN | LEU LYS | TYR

Free energy | -2.84 | -0.46| -0.99 -0.63 0.02 -0.17 | -10.01| -3.87
Contribution

Tc-SAHH 344 | 352 | 412* | 414* | 418* | 422* | 431 * | 435*
residues ASN | HIS | THR | LEU | GLN | ILE LYS | TYR

Free energy | -2.08 | 0.06| -0.58 -0.19 0.12 -1.06 | -2.65 | -0.49
Contribution

*- These residues are from the tail of the second chain.
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Based onthe free energy contributions of the 38 pairs of residues, selected
residues were replaced by alanine, computationally, one atea Gomparing the
difference fromAGypinging-mutartAGbinding-wildtype (AAG) of Hs-SAHH and Tc-SAHH,
residues contributing most to differential binding were identifieable 5.3. lists four
pairs of identical residues showing significa®tG values (> 5.5 kcal/mol) and they
are the same pairs of residues making significantly différeatenergy contributions
of NADH to SAHH, which are highlighted in red in Table 5.2. Hoemwnly the
two pairs of residues located on the tail of the second chaim fweused on in the

following experimental research.

5.3.2. Experimental Results

5.3.2.1. Y430 in the C-terminal extension of Hs-SAH H may
slightly influence binding of NAD  * and NADH to apo-

Hs-SAHH.

The mutant HsY430A was purified and found to be of the correct molecular
mass (190 kDa). It also possessed intact tetrameric structize éxclusion
chromatography). The enzyme is isolated from the expressiansyath 30 + 5 %
active-site occupancy by NADHPLC) and 86 + 5 % active-site occupancy by
NADH (fluorescence). Denaturation of the isolated enzyme gtkld.1 + 0.1 %

adenosine and 81 + 1 % adenine. Reconstitution of apo-HsY430A withH Maded
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Table 5.3.Computational alanine scanning for the effect on cofactor bindimgtgff
of four pairs of residues identical in Hs-SAHH and Tc-SAHHe farameters are
shown in the figures with the standard deviations of fit in parerdh&se the wild-
type enzymesAGpinding-wildtype = -79.67 * 6.81 kcal/mol (Hs-SAHH); -61.09 + 4.46
kcal/mol (Tc-SAHH).AGypindging IS calculated from the 38 residues within 5 A of the

NAD(H) binding site in both enzymes.

Hs-SAHH N191A E243A K426A Y430A
AGbinding.mutant '6792 + '6438 + '5372 + '6929 +
(AGpinding for the 6.24 6.53 7.12 7.02
Ala mutant)
kcal/mol

mutational effect

on AGpinding, 7.8+9.2 11.3+94 | 22.0+9.9 6.4+9.8
AAG,

kcal/mol

Tc-SAHH N190A E242A K431A Y435A

AGbinding.mutant '5884 t '3623 + '5436 + '6155 t

(AGpinding for the 4.29 3.85 458 4.39

Ala mutant)

kcal/mol

mutational effect

on AGpinding, 2.3+6.2 249+59 6.7+6.4 -05+6.3
AAG,

kcal/mol
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Protein with 79 £+ 1 % occupancy (HPLC) and 70 = 1% catalytigvigct
Reconstitution of apo-HsY430A with NADH vyielded protein with 94 + 1%

occupancy (fluorescence).

5.3.2.2. K431 in the C-terminal extension of Tc-SAH H is
required for the binding of NAD ¥ and NADH to apo-

Tc-SAHH.

The mutant TcK431A was purified and found to be of the correct mofecula
mass (194 kDa) and possessed an intact tetrameric strucimee efgclusion
chromatography). The enzyme was isolated from the expresgstens with no
NAD™ occupancy (detection limit 0.1 % active-site occupancy) ane INtADH
occupancy (1.30 + 0.03 % active-site occupancy by fluorescencempit at
reconstitution with cofactor of apo-TcK431A yielded no detectable oocyphy

either NAD or NADH.
5.3.2.3. Y435 in the C-terminal extension of Tc-SAH H is
required for tight binding of NAD ¥ and NADH to apo-

Tc-SAHH.

The mutant TcY435A was purified and found to be of the correct mofecula

mass (194 kDa) and possessed an intact tetrameric strucimee efgclusion
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chromatography). The enzyme is isolated from the expressiansyath 18 + 1 %
active-site occupancy by NAD(HPLC) and 90 + 1 % active-site occupancy by
NADH (fluorescence). Denaturation of the isolated enzyme yieldéd+ 1%
adenosine and 65 + 1 % adenine. Attempted reconstitution of apo-TcY43BA wit

NAD™ or NADH yielded protein with no detectable cofactor occupancy.

5.3.2.4. Rate constants for dissociation of NAD " from mutant
SAHHs HsY430A and TcY435A are 20-fold and 255-
fold larger, respectively, than those for the

corresponding wild-type enzymes.

Cofactor dissociated from the mutant enzymes is a simple-ofulsr
relaxation process as previously observed in other cases ([2, 4, 11] andslmgalbl
data of Dr. Qing-Shan Li) in which the enzymatic activity pestsd from full
activity to zero. Mutant HsY430A released cofactor at 30 °C, pH 7.4, with k.2 £
0.1 x 10*s® while the wild-type enzyme Hs-SAHH released cofactor With= 1.9 +
0.3 x 10°s*. The mutation therefore increases the dissociation rate corstamt
factor of about 20. Mutant TcY435A released cofactor at 24 °C, pH 7.4 kywith
2.8 + 0.2 x 1G s* while the wild-type enzyme Tc-SAHH released cofactoh it =
1.1 + 0.2 x 1ds™. The mutation therefore increases the dissociation rate cohgtant
a factor of about 255. The values of these rate constants hr@eidavith other data

in Table 5.4.
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5.3.2.5. Association kinetics of NAD * with mutant SAHHs

HsY430A and TcY435A.

These mutant enzymes exhibited (Supporting information) associatien
courses like those seen with other SAHHS [[2, 4, 11] and unpublishedfdatali]:
fast binding occurred within the dead-time of the experiment giveggto an initial
enzyme activity 4&; slow binding ensued with an apparent first-order rate constant
kapp @and combined with to give a final activity A Each of these three parameters
is a function of [NAD]. The expected dependences on the basis of a model to be

described in the Discussion Section are given by eqgs 1.

Ao = (AJ2){[NAD "]"/(K"s + [NAD™]")} (1a)
Ar = (A}INAD J/(K; + [NAD™])} (1b)
Kapp = ke{[NAD “J/(Ka+ [NAD™])} (1c)

Here A is the total enzyme activity at saturating [NARfter completion of
both phases of binding. Figure 5.2. shows (a) the dependences ori][NADe
fraction of fast binding #A:, the fraction of slow binding (A- Ay)/A;, and the
fraction of total binding AA;; (b) the dependence ofkon [NAD'] for the mutants
HsY430A and TcY435A. The curves in Fig. 5.2. represent least-squatestdbesd

egs 1 to the data, with parameters I K;, ky, and K, as given in Table 5.4.

181



< 0.6
> 1.0 ——
E Total binding 0.5
3 08 s
= 06 Slow binding 0.4
s - "= 03] 2
% 04 £ k,=9.5(04)x 18s
5 0ol Fast binding x§ 02 K,=17 (M
3 02 / 01 | K/K =056 (0.07)x Tom’s*
L 0.0 = HsY430A 0.01 » HsY430A
0 50 100 150 200 250 300 0 50 100 150 200 250 300
INAD] (uM) [NAD] (M)
0.7
f 1.0
2 Total binding 0.64
£ 0.8 —
< 'S 0.5
g 0.61 Slow binding & k,=11(04)8
= g 0.4 K_=0.39 (0.04) mM
o 0.4 Fast bindinq =~ 2 ( )1 1
S A 0.3- ka/Ka: 29 (9) M's
g 02 //
g oL TcY435A 02 = = TcY435A
o0 1 2 3 4 5 0o 1 2 3 4 5
[NAD ] (mM) [NAD T (mM)

Figure 5.2. Above: The fractions of fast binding, slow binding, and total binding of
NAD" to the mutant enzyme HsY430A (left) and the value of the slow-binditeg
constant k, (right), both as a function of [NAD. Below: The fractions of fast
binding, slow binding, and total binding of NARo the mutant enzyme TcY435A
(left) and the value of the slow-binding rate constapi (kight), both as a function of
[NAD™]. The curves are drawn from eqgs 1 with the least-squaresibpatdmeters
given in Table 5.4. Note that the concentration scales for HsY488/elow 300

uM while those for TcY435A go up to 5 mM.
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5.4. Discussion

5.4.1. MM-GBSA calculation of the free energy of co factor NADH
binding to SAHHSs indicates stronger binding to Hs-S AHH than to

Tc-SAHH.

Previous experimental data shows that cofactor NAD(H) binds 168 Ad$H
more tightly than to parasite SAHH [4, 11]. Detailed studies orkitiegtic properties
of cofactor NAD(H) association and dissociation for both Hs-SAHH Bev$AHH
have recently been reported and determined in chapter 4 [H]s wdrk, we attempt
to explain the differential cofactor binding properties betweentiee enzymes,
focusing on the contributions of individual residues to cofactor binding txffifhe
calculated binding free energi&&yinding for NADH-Tc-SAHH (-26.75 kcal/mol) and
for NADH-Hs-SAHH (-42.43 kcal/mol) (Table 5.1) indicate that cedacdNADH
binds more favorably to the latter enzyme in qualitative agreeméth the
experimental results. Thus, reliable results on differentishatof binding may be

obtained from the single-trajectory approximation.

5.4.2. Computed free-energy contributions of indivi dual residues to the
cofactor affinities of Hs-SAHH and Tc-SAHH identify four

conserved residues as the locus of differential cof actor affinities.
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The 38 residues within 5 A of the NAD(H) binding site, which magn¥
strong interactions with cofactor NAD(H), were chosen for thugys The structures
of Hs-SAHH and Tc-SAHH were overlaid and 34 out of the 38 residus pere
found to be identical. The four pairs of non-identical residues ,wdsf\219,
TcC218; Hsl244, TcV243; HsC278, TcN277; HsL417, Tcl422, shown in boldface
font in Table 5.2.. However, none of these four non-identical residuessnaake
significant free-energy contribution to the differential in theefenergy of cofactor
binding between Hs-SAHH and Tc-SAHH (Table 5.2.). In fact, itoisr fpairs of
identical residues (shown in red in Table 5.2: Hs/Tc N191/190; E243/242; K426/431,
Y430/435) that show the most significant differential free-eneaqtributions (from

about 3.4 to 7.4 kcal/mol) to the cofactor binding of Hs-SAHH and Tc-SAHH.

5.4.3. Computational alanine scanning allows select  ion of K426/435 and
Y430/435 for experimental study of differential cof  actor binding to

Hs-SAHH and Tc-SAHH.

Computational alanine scanning replaces individual residues witthe¢ani
assuming the conformation of the rest of the protein remains uredhgi@].
Computed from the equatiafAGpinding = AGmutant- AGuild type, the calculated binding
free-energy changes can be seen in Table 5.3. for the mutamhesn#HsN191A,
TcN190A; HSE243A, TcE242A; HsK426A, TcK431A; HsY430A, TcY435A. Table

5.3. also shows the mutational effect on the binding free-energy ehargch
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exceeds the probable error only for HSE243A, HsK426A, TcE242A, and3MaX
(slightly). In these cases, the mean values are all pogitiiveating that the mutation
decreases affinity for the cofactor. Even where the probable ewxoeeds the

prediction, the mean values are all positive except for TcY435A.

These findings confirm the computational results of residue fresgge
contribution (Table 5.2), which indicated these residues to play impaodbe# in
cofactor binding. In deciding which cases to address experimemtalligok note of
the facts that Turner et al. [13] had identified HsK426 and HsY43peaxfial interest
because they are “involved in interactions with the NAD bound predomirtanihe
other monomer,” an unusual feature of cofactor binding in SAHHS, fatdAwLIlt-
Riché et al [14] had prepared the mutant HsK426A and found it to be deioid
cofactor affinity and catalytic activity. We thereforecked to concentrate on
HsK426, HsY430, and the corresponding residues of Tc-SAHH, TcK431 and

TcY435.

5.4.4. YA30 in the C-terminal extension of Hs-SAHH only slightly

influences binding of NAD " and NADH to apo-Hs-SAHH.

The mutant HsY430A continues to bind NADRnd NADH sufficiently

strongly that the enzyme passes through the purification procedure tirem

expression system with essentially full occupancy of the aofades (116 + 7%). A
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preponderance of the cofactor sites were occupied by NADH (86 + 5%). D¢ioatura
resulted in release of a small amount of adenine (ca. 3%) Endest amount (81 +
1%) of adenosine. One possible explanation of these observationsas |test part
of the NADH arose by oxidation of adenosine in the active sig-ketoadenosine,
which can decompose to adenine, the fragments then remaining irtitteesée in
the “closed” conformation [1, 3] of the enzyme. The isolated enzymed doil
converted to the apo-enzyme and reconstituted to around 79 % occupaldapby
with the reconstituted enzyme exhibiting around 70 % of the actfitwild-type
enzyme, which has full occupancy of NADThe HsY430A mutation thus has no
major effect on the effective affinity of the enzyme for NA® NADH, and little or

no effect on the enzyme activity.

5.4.5. K431 in the C-terminal extension of Tc-SAHH  is required for the

binding of NAD * and NADH to apo-Tc-SAHH.

The mutant TcK431A is the equivalent of the mutant HsK426A, prepared in
previous work [11] and shown to have lost both cofactor affinity andnbetric
structure. TcK431A maintains its tetrameric structure but ddated from the
expression system without cofactor and cannot be reconstituted unodaal
conditions with either NAD or NADH. Thus, as with Hs-SAHH, this lysine residue
is critical for cofactor affinity (it is thought to fordmydrogen bonds to the 2’- or 3'-

OH group of the nicotinamide-bearing ribose ring [1]). It is stgkihat the mutation
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causes loss of tetrameric structure in Hs-SAHH but not in AldFE Previous
comparisons ([4, 11] and unpublished data of Dr. Qing-Shan Li) of Hs-SAldH
SAHH, and their mutants have suggested that Hs-SAHH possestestare more
robust with respect to mutation, typically showing smaller chaimgets properties
upon mutation than does Tc-SAHH. The quaternary structure would teebean

exception to the rule.

5.4.6. Y435 in the C-terminal extension of Tc-SAHH is required for tight

binding of NAD * and NADH to apo-Tc-SAHH.

The mutant TcY435A is the equivalent of HsY430A described above. Like
HsY430A, the Tc-mutant is isolated with high occupancy of cofaatos{ly NADH)
and releases a mixture of adenosine and adenine upon denaturation. Unlike
HsY430A, the apo-form of the Tc-mutant no longer exhibits sufficidfgcive
affinity for cofactor to permit reconstitution. The kinetic expents reported here

were conducted with enzyme as isolated from the expression system.

5.4.7. Rate constants for dissociation of NAD * from mutant SAHHs
HsY430A and TcY435A are 20-fold and 255-fold larger

respectively, than those for the corresponding wild -type enzymes.
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The alanine-scanning calculations predicted a reduced affiritdA®H of
HsY430A of around 6 kcal/mol (about a factor of)l8nd anincreasedaffinity for
NADH of TcY435A of around 0.5 kcal/mole (about a factor of 2-3), althoingh t
estimated errors in both values were larger than the values dalvesis The
experimental results, related to NADather than NADH, show that loss of the
tyrosine in both enzymes increases the cofactor dissociatiomaastant, but by a
factor that is an order of magnitude larger than for the@me. This is consistent
with the systematic observation cited above ([2, 4, 11] and unpublished data of
Qing-Shan Li) that the human enzyme is less susceptible toiomatainduced

changes in its properties than the trypanosomal enzyme.

5.4.8. Association kinetics of NAD * with mutant SAHHs HsY430A and

TcY435A.

Cofactor combination with these mutant enzymes follows a modebpsdy
observed with Hs-SAHH, Tc-SAHH and various mutants of both ([2, 4,ahd]
unpublished data of Dr. Qing-Shan Li). The elements of this model are the following:
(1) The apo-enzyme possesses two equally numbered classes of active sites.

(2) Half of the sites are capable of binding cofactor rapidiying the dead time of
the experiment), with a relatively low affinity, and generatihe full activity of these
sites. This phenomenon accounts for the fast-binding actiytpb&erved at time

zero from sites with cofactor-dissociation constagpaid Hill coefficient n.
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(3) Half of the apo-enzyme sites (slow-binding sites) areldaps binding cofactor
rapidly, with a relatively high affinity (dissociation constanf),Kbut generating
initially no enzymic activity. These events initiate a timg@eleent reorganization
with rate constantkin which the slow-binding sites acquire full enzymatic activity
and all sites acquire a common cofactor-dissociation constanhé& final activity

being A.

This model generates eqs 1 above, which were fit to the data as ishBign
5.2, producing the values of,KK,, K, ks, and n given in Table 5.4. Table 5.4. also
gives these values for Hs-SAHH and Tc-SAHH as determinedqu#yi[4]. Finally
Table 5.4. gives values of the “on” rate constant for NA&timated as described in
the Materials and Methods section by two different methods, laad'aff” rate
constant for NAD, obtained as described above. Together these allow the calculation

of the equilibrium constantdfor NAD".

Comparison of the association kinetics for the wild-type enzynseSAHH
and Tc-SAHH show no dramatic differences. The value,piskabout 5-fold larger
for Tc-SAHH and values forgk smaller by 2 or 3-fold; the result is a dissociation

constant 10 or 20-fold larger.

The mutant HsY430A has lower affinity for the fast-binding siesl a

smaller reorganization rate constagtlkan wild type Hs-SAHH, perhaps suggesting
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that some of the binding and reorganization events involve Y430 or its neighbors. The
mutant off-rate is over 20-fold larger and the on-rate 4-fold slawan for Hs-

SAHH, resulting in a dissociation constant larger by about 100-fold.

The mutant TcY435A exhibits far more dramatic effects: threstants K, K,
and K have all risen from the wild type Tc-SAHH values at appnately
micromolar values to around millimolar values, indicating that tla#Beities are
significantly damaged by the removal of the tyrosine residue. dtieeconstant for
reorganization is unaffected but the off-rate of cofactor iseas®d by nearly 1000-
fold, while the on-rates are smaller by about 100-fold. The resatifactor binding
with a millimolar dissociation constant in the mutant, as compaoeé sub-

micromolar dissociation constant for the wild-type Tc-SAHH.

This relationship is similar to that for the HsY430A mutation tmidhe Tc-

SAHH/Hs-SAHH comparison: a somewhat smaller decrease in on-ratermmwith

a larger increase in off-rate to generate a weaker tooféinding in the mutant

enzyme compared to the wild-type enzyme or in Tc-SAHH compared to H§1SA

5.5. Conclusion.

Computational approaches and crystallographic structures of SAdgpest

that a lysine residue and a tyrosine residue on a C-termiteadséan of each subunit
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that forms part of the NABNADH binding site in a partner subunit might be critical
for full cofactor affinity. Earlier work [14] showed that the mtida HsK426A of the
human enzyme Hs-SAHH destroyed both cofactor affinity and theéem@ structure
of the enzyme. Here we show that the corresponding mutation TcK481hAe
trypanosomal enzyme Tc-SAHH reduces cofactor affinity styofgit leaves the
tetrameric structure intact, a rare example in which thmatrgsomal enzyme appears
more robust to mutational change than the human enzyme. The restd&H
modulates the association-dissociation kinetics noticeably icake of Hs-SAHH,
generating by its mutation to Ala a decreased cofactantgfiof just under 100-fold.
The corresponding mutation TcY435A decreased cofactor affinity loyndr
100,000-fold. Both effects arise from a larger increase in the toofadf-rate,

combined with a smaller decrease in on-rate.
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Supporting information is available:

30 0.6
25 05
2.0 0.41

P _ = 03l

c 15 k =55 (0.8 x 155" £ k =95 (0.4) x 10s"

=% 1.0 K, = 19(8)uM g 0.2 K =17 (2) uM

X" 11 x : 11
05{ | k/K,=2.9(1.2) x 1OM’s 0.4 k/K,=5.6x10(0.7) M's
0.0] - Hs-SAHH 0.0] . HY430A

0 20 40 60 80 100 0 50 100 150 200 250 300
[NAD ] (uM) [NAD] (uM)

Figure 5.S1. The dependence on the concentrations of NADthe rate constants
for the slow-binding phase of the association of NAWth the apo-forms of mutant
HY430A and wild type Hs-SAHMat 23 °C and pH 7.4. Some obvious signs of
cooperativity for Hs-SAHH have been neglected and the data in sk bave been
fitted to the simple hyperbolic saturation function of equatigpk (k)([NAD “1/{K 4

+ [NAD™]}). The parameters are shown in the figures with the standard idengadf

fit in parentheses. ®The figure of wild type Hs-SAHH is cited from reference [4].
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Figure 5.S2. The dependence on the concentrations of NADthe rate constants
for the slow-binding phase of the association of NA@th the apo-forms of mutant
TcY435A and wild type Tc-SAHH (the figure of wild type Tc-SAHs cited from
our paper submitted to Biochemistry [4, 11]) at 23 °C and pH 7.4. Theird&oth
cases have been fitted to the simple hyperbolic saturation functeeuafion k,, =
(ka)(INAD']{K 2 + [NAD™}). The parameters are shown in the figures with the

standard deviations of fit in parentheses.
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Table 5.SI: Full tables of residue free energy contribution and alaninecanning.

AG wr-Hs = -75.67 (6.81) kcal/molAG wr.1c = -61.09 (4.46) kcal/mol.

Human (1a7a) | 157T 158T 191N 217A 224V 243E 2441
Mutant AG) -73.80 -69.64 -67.92 -75.67 -73.21 -64.38 -72.29
(kcal/mol) (6.62) (6.37) (6.24) (6.81) (6.57) (6.53) (6.74)
AAG 1.87 6.03 7.75 0 2.46 11.29 3.38
(kcal/mol)

T. Cruzi 159T 160T 193N 219C 226V 245E 246V
Mutant AG) -56.92 -55.39 -58.84 -61.08 -58.05 -36.23 -59.52
(kcal/mol) (4.42) (3.97) (4.29) (4.45) (4.44) (3.85) (4.35)
AAG 4.17 5.70 2.25 0.01 3.04 24.86 1.57
(kcal/mol)

Human(la7a) | 276T 278C 2791 417L* 426K* 430Y*

Mutant AG) -73.59 -75.18 -75.60 -75.43 -53.72 -69.29

(kcal/mol) (6.73) (6.83) (6.81) (6.80) (7.12) (7.02)

AAG 2.08 0.49 0.07 0.24 21.95 6.38

(kcal/mol)

T. Cruzi 278T 280N 281D 425]* 434K* 438Y*

Mutant AG) -58.14 -60.63 -60.25 -59.83 -54.36 -61.55

(kcal/mol) (4.59) (4.43) (4.45) (4.52) (4.58) (4.39)

AAG 2.95 0.46 0.84 1.26 6.73 -0.46

(kcal/mol)
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Chapter 6

Studies on Selective Anti-parasitic Inhibitors Base d on

Substrate Structure

6.1. Introduction

Modification of substrate structure is a common strategy ingdeg
inhibitors. In our case, the nicotinamide cofactors are involved in a gdpxof the
catalytic mechanism of SAHHs [1], so that the different bindirgperties suggest a
possible role in achieving differential inhibition of Tc-SAHH over-S&HH for
substrate analogs that undergo the redox reaction. However, thiositappears
more complex. A screen of 122 substrate analogs kindly provided by @rsisM
Robins and Stanley Wnuk (unpublished work) resulted in some seledtibéion of
Tc-SAHH by only 12 (only one similar in activity to ribavirin, caeied below)
while the remainder showed no inhibition of either enzyme (89), rgusiuivalent

inhibition of both enzymes (10) or stronger inhibition of Hs-SAHH (11).

Ribavirin (Fig. 6.1.), an antiviral drug [2], which is an analog of adeegsi
has been reported to exhibit inhibition of Hs-SAHH [3]. In this stueyreport the
selective inactivation by ribavirin of Tc-SAHH over Hs-SAHHdasome of its

kinetic features.
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Figure 6.1. Top: Structures of ribavirin and adenosirigottom: Catalytic cycle of

SAHHSs in the synthetic direction, showing 3’-oxidation of substrgte¢hle tightly-

bound NAD in the reactions leading to the intermediate, followed by @icton in

the reactions leading from the intermediate to the final product.
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6.2. Methods

6.2.1. Measurement of NADH content vs. fraction of inactivation of

enzyme activity.

A set of ten samples of 120 100 uM SAHH was incubated with 400M

ribavirin (Sigma, R9644) in 50 mM phosphate buffer, pH 7.2, 1 mM EDTA M0

NAD* at 37 °C for 4-9 hours. SAHH activity was measured at times roughly
corresponding to 25, 50, 75 and 100 % inactivation. Once the hydrolytic aetasty
reduced to a chosen level, the solution was immediately frozéndwjitice/ethanol.
Just before analysis, the frozen solution was thawed andL96f solution was
transferred into a new tube and D of 1 M NaCOs/NaHCG; at pH 10.75 was
added immediately. A volume of 7Q@Q of 95 % ethanol was added to denature the
protein and release the NADH into solution. The precipitated protesns rgmoved

by centrifugation and the supernatant was subjected to a flunces@ssay to
determine the concentration of NADH released. The NADH relefised SAHH
that had been inactivated by NepA was measured as a control (1AD% m¢duced

to NADH by NepA).

6.2.2. LC ESI+/MS analysis of SAHHSs fully inactivat  ed by ribavirin.
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A volume of 60uL 100 uM SAHH was incubated with 400M ribavirin in

50 mM phosphate buffer, pH 7.2, 1 mM EDTA, 1081 NAD* at 37°C for 4-9
hours which roughly 100 % inactivated the activity of SAHH. ESI spewere
acquired on a Q-Tof-2 (Micromass Ltd, Manchester UK) hybridsrepectrometer
operated in MS mode and acquiring data with the time-of-fligtglyaer. The
instrument was operated for maximum sensitivity with all lengptimized while
infusing a sample of lysozyme. The cone voltage was 60 eV and #advaitted to
the collision cell. Spectra were acquired at 11364 Hz pusher fregaemering the
mass range 800 to 3000 amu and accumulating data for 5 seconds @efioyelto-
mass calibration was made with Csl cluster ions acquired undersdhe
conditions. Samples were desalted on a short column (3 cm x 1 mof IByerse
phase C18 resin (Zorbax, M, 300 A). Proteins (2.519) were loaded onto the
reverse phase column fromp®, washed in same and eluted withOHdirectly into
the ESI source. The resulting suite of charge states in thedesirum were subject
to charge state deconvolution to present a “zero” charge masisuspaising the
MaxEntl routine in MassLynxs software. Samples were also athlusing a
different (acidic) buffer system: loading buffer and washingdyufifere 1% formic

acid solution and elution buffer was 90% methanol and 0.5% formic acid.

6.2.3. Kinetic model for enzyme inactivation by rib  avirin.
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The kinetic model used for the reaction between ribavirin and tH2 NArm

of SAHH is shown in Scheme 6214].

i
Enap) + « " Edwnaoy —> ET (naow)
Ki
% Enapy represents the NADform of SAHH; E-|napy represents the complex of

ribavirin bound to the NADform of SAHH; E’I'naph) represents the complex of the
oxidized ribavirin bound to the NADH form of SAHH;, kepresents the equilibrium

dissociation constant { k& [Enap)][I//[E-l (vap)]}-

The velocityv of inactivation is given by eq 1, where {Egpresents the total

concentration of enzyme in all forms.

v =k [E]o [I/(K +[1]) (1)

6.2.4. Equilibrium affinity of NADH forms of SAHHS for ribavirin.

The equilibrium binding of ribavirin (R) to the enzymes reconstitutédd w

NADH (Enapny) generates a complex ExRony Shown in Scheme 6.2.

Enmonyt R o> E-Rnaon)

Kr

The equilibrium dissociation constank K= [Enapn)][RI/[E-RnaoH)]) could serve to
some degree to estimate the relative affinity of Hs-SAHhd &c-SAHH for the

unoxidized drug.
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The fluorescence intensity, fof Enapny is greater than F, the fluorescence
intensity in the presence of ribavirin. Assuming the fluoresceanteasity is reduced
by quenching in the complex ExRpr), F at a concentration [R] of ribavirin will be
given by E [Enaon)] + Fer [E-Rnaom)] Where E and Er are the intrinsic
fluorescence intensities of the two forms of the enzyme and lsadenote
concentrations. The normalized decrease in fluorescence inta#3[y], is then
given by eq 2, where [E]s as above, the total concentration of enzyme in all forms:
AF/[E]o = Fo/[E]o-F/[E]o = Fe - Fe{Kr/([R] + Kr)} - Fer {[RI/([R] + Kg)} (23)

AF/[E]o = (Fe — Fer) {[RI/([R] + KR)} (2b)
AF = (Fe - Fer) [E]o {[RI/([R] + Kg)} (2c)

Measurement oAF as a function of [R] will therefore yield-Fr and Kr.

6.3. Results

6.3.1. Inhibition by ribavirin of Tc-SAHH and Hs-SA HH is time-

dependent.

Figure 6.2. shows that ribavirin inactivates both enzymes in tofider
reaction (ribavirin in 100-fold excess over enzyme). The firséordte constant at
this concentration of ribavirin is about six-fold larger for Tck8A than for Hs-

SAHH (caption of Fig. 6.2.).
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Figure 6.2. Time-dependent loss of activity of Tc-SAHH and Hs-SAHH during

incubation with ribavirin.Tc-SAHH and Hs-SAHH, both LM, fully reconstituted

with NAD*, were incubated with 5aM NAD* and 100uM ribavirin in phosphate
buffer (pH 7.2) at 37 °C. The activity of the enzymes was medsurhe hydrolytic
direction. The exponential curves shown vyield first-order rate auisst (3.48+

0.08) x 10" s* for Tc-SAHH and (0.5% 0.005) x 10' s* for Hs-SAHH.
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6.3.2. Inactivation by ribavirin of Hs-SAHH and Tc- SAHH is

accompanied by an increase in fluorescence.

Figure 6.3. presents the time course of fluorescence emission atn450
(excitation 340 nm) as Hs-SAHH and Tc-SAHH are incubateld mhiavirin. Fits of
the data to eq 3 vield first-order rate constants of £.0902 x10' s* for Tc-SAHH
and 7.54+ 0.006 x10 s* for Hs-SAHH, corresponding to the solid lines in Fig. 6.3.

F = Fnax+ (Fo - Fmay) €xp (-kt) (3)

The values of F./Ey are 2.27+ 0.08 x 18° M for Tc-SAHH and 1.82+
0.06 x 18° M for Hs-SAHH. Taking the value of the molar fluorescence of the
enzymes reconstituted with NADH (3.330.14 x 16° M™ for Tc-SAHH and 2.2&
0.044 x 16° M for Hs-SAHH:; see below in connection with Fig. 6.6.) as a standard
of 100 %, the values of.fz/Eo represent 72.5 4.1 % (Tc-SAHH) and 82.7 3.2 %
(Hs-SAHH) of the fluorescence ofykon. As a control experiment, Tc-SAHH and
Hs-SAHH were incubated with NepA and the final fluorescenceegatietermined.
These were, compared t@Apn, 5.4+ 0.3 % for Tc-SAHH and 2.4 0.05 % for Hs-

SAHH.

6.3.3 The fractional conversion of NAD *to NADH in Tc-SAHH and Hs-

SAHH equals the fractional degree of inactivation by ribavirin.
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Figure 6.3.Time course of the development of fluorescence during incubatioo-of T
SAHH and Hs-SAHH with ribavirin. Reconstituted NADorms of Tc-SAHH and
Hs-SAHH (10 uM) were incubated with 200 UM ribavirin and 100 uMDN¥AN 50
mM phosphate buffer (pH 7.2), 1 mM EDTA at 2. The wavelengths of excitation
(340 nm) and emission (450 nm) are consistent with the conversion of RAD
NADH. The solid line represent fits of the data to a firsteorrelationship (eq 3),
which yields g = -549+ 49 (Tc-SAHH), 2196 11 (Hs-SAHH); k = (4.0% 0.002) x
10* st (Tc-SAHH), (7.54+ 0.006) x 1Fs? (Hs-SAHH); and the values of,kare

shown in the figure.
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In order to ascertain whether the increase in fluorescrateaccompanies
ribavirin inactivation arises from the conversion of NAID NADH in the course of
inactivation, samples were quenched at specific levels of infiotivand the amount
of NADH present was determined. Figure 6.4. shows a plot of reidnal
conversion to NADH vs. the fractional level of inhibition for both Hs-5 and Tc-
SAHH. A linear fit to the total data set yields an interaap®.09 £ 0.04 and slope of
0.89 £ 0.07, a linear fit to the data for Hs-SAHH vyields an inpgroé 0.15 + 0.06
and slope of 0.76 £ 0.08 and a linear fit to the data for Tc-SAHH yaidatercept
of 0.01 + 0.07 and slope of 0.99 + 0.09. Thus the fractional conversion of MAD
NADH is equal to the fractional degree of inactivation for Tc-SAHH and probdably

Hs-SAHH (predicted intercept 0.0 and slope 1.0).

6.3.4. Time-dependent inactivation by ribavirin of Hs-SAHH and Tc-
SAHH conforms to a model of reversible binding foll owed by a

slow inhibitory reaction.

Figure 6.5. shows plots of the first-order rate constants abugribavirin
concentrations for the time-dependent inactivation by ribavirin oBAlH and Tc-
SAHH. The curves of/[E], vs. concentration of ribavirin [I] are described by the
hyperbolic function of eq 4. This expression corresponds to a revebsiolieg step

(equilibrium constant K followed by a slow development of inhibition with rate
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Figure 6.4.Comparison with the fractional loss of enzyme activity withftaetional
conversion of enzyme-bound NAOo NADH in the course of ribavirin-induced
inactivation of Tc-SAHH and Hs-SAHH. Tc-SAHH and Hs-SAHH (1064,

reconstituted with NAD) were incubated with 40GM ribavirin and 100uM NAD”

in 50 mM phosphate buffer (pH 7.2), 1 mM EDTA at 2. Samples frozen at
various fractions of inhibition were later thawed and both activitthe hydrolytic
direction and NADH content determined, the latter by liberatiot #uorescence
determination. The data for Tc-SAHH, for Hs-SAHH, and for both erzsytogether
are in reasonable agreement with the expectation for an equivaténslADH
formation and inhibition (see text for calculated slopes and iqtesicelhe straight

line shown is for intercept =0 and slope = 1.
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Figure 6.5.Dependence dahe rate constant for slow inhibition of Tc-SAHH and Hs-
SAHH on the concentration of ribavirin. Tc-SAHH and Hs-SAHH (94M,
reconstituted with NAD) were incubated with various concentrations of ribavirin (0-
1.8 mM) and 5uM NAD" in 50 mM phosphate buffer (pH 7.2), 1 mM EDTA at 37
°C. The initial velocity of the development of NADH was measurgdube of
fluorescence (excitation at 340 nm and emission at 450 nm). Datafivéo the

hyperbolic saturation model (eq 4) and results are shown in Table 6.1.
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constant kand also corresponds to various more complex models [4]. The parameters

obtained from the fit of the data to eq 4 are shown in Table 6.1.

VI[E]o = ki [IJ/(K +{1]) (4)

6.3.5. Ribavirin shows almost no discrimination in equilibrium binding
to the NADH forms of Hs-SAHH and Tc-SAHH.

Figure 6.6. shows that incubation of Hs-SAHH and Tc-SAHH, both
reconstituted with NADH, with ribavirin leads to quenching of the NADH
fluorescence. No NADH was released from the enzyme, so the qugntchi
presumably caused by binding of ribavirin adjacent to the NADH matdeio the
active site. The data were fitted to the hyperbolic-saturatiodel of eq 2c. The
dissociation constantof ribavirin from the Rapy:ribavirin complex was 407 = 6
uM for Hs-SAHH and 586 + 12WM for Tc-SAHH (see Supporting Information,
Table S1). The initial molar fluorescence qfaby were 3.13+ 0.14 x 16° M™ for
Tc-SAHH and 2.20+ 0.044 x 16° M for Hs-SAHH; the final values for the
complexes with unoxidized ribavirin were 1.69.05 x 18 M™ (5.4+ 0.27 % of the
value for Eyapn) for Tc-SAHH and 1.9@ 0.08 x 18 M™ (8.6+ 0.4 % of the value

for Enapn) for Hs-SAHH.

6.3.6. LC ESI+/MS analysis shows no evidence of cov alent bond
between ribavirin and SAHHSs.
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Table 6.1% Parameters describing the rate of slow inhibition at pH 7.2 at@d 67
Tc-SAHH and Hs-SAHH by ribavirin as a function of the concéianaof ribavirin

(eq 4). Experimental data and fitted curves are shown in Figure 6.5.

Parameters of eq 4 Tc-SAHH Hs-SAHH
K (uM) 194+ 12 266+ 8

ki (9 7.6+ 0.16 x 10" 1.5+ 0.02 x 1¢'
kilK, (M™s™) 3.92+ 0.26 0.56+ 0.017

®Tc-SAHH and Hs-SAHH fully reconstituted with NAD(both enzymes at 9.07
uM) were incubated with ribavirin (0-1.8 mM) and M NAD” in 50 mM
phosphate buffer (pH 7.2), 1 mM EDTA at°8%
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Figure 6.6. Dependence of the loss of NADH fluorescence of Tc-SAHH and Hs
SAHH, both reconstituted with NADH, on the concentration of ribavirin. The
enzymes (1uM) were incubated with various concentrations of ribavirin (0-6 mM)
in 50 mM phosphate buffer (pH 7.2), 1 mM EDTA at 7. Data were fit to the
hyperbolic saturation model (eq 2c) and results are shown in T@blef the

supporting information.
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The deconvoluted mass spectra show that the molecular weight of SAHIK
inactivated by ribavirin is exactly the same as that of n&kelHs (see Supporting

Information, Figure S1).

6.4. Discussion

6.4.1 Ribavirin exhibits time-dependent inhibition of bot h Hs-SAHH and
Tc-SAHH with Tc-SAHH reacting about six-fold faster

Figure 6.2. shows that both enzymes react in a first-orderofashith
ribavirin (in 100-fold excess), resulting in a completely inhibitedyerezafter several
hours for Tc-SAHH and considerably longer for Hs-SAHH {87 pH 7.2). The ratio

of first-order rate constants is around six, with Tc-SAHH reactingrfaste

6.4.2. Inactivation of Hs-SAHH and Tc-SAHH by ribav irin s

accompanied by reduction of NAD * to NADH.

Figure 6.3. shows that the fluorescence of the solution at a evaibl
characteristic of NADH increases in the presence of ribawiih rate constants that
are similar to those seen for the development of inhibition (tHerelifces are very
likely related to the somewhat different reaction conditions reduiicr the
fluorescence experiment). NADH is not released into the solutiotinas the reduced

cofactor remains bound to the enzyme. When the inhibition experimast w
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interrupted and the enzyme denatured to release NADH, the data shéwen 6.4.
are obtained. The figure shows that for both enzymes, the fractitmgmke of
reduction of cofactor is essentially equal to the fractionalesdegf inhibition of the
enzyme: thus cofactor reduction and enzyme inhibition are paralletsevEhis
suggests that ribavirin is a Type | inhibitor according to thessdiaation of
Borchardt and Wolfe (Scheme 6.3.) [5], reacting as a subshategh the initial
redox reaction. The same behavior is observed in the presence orealisHoy (see
Supporting Information, Table IlI), giving some indication that, on ihig tscale (12
min), ribavirin undergoes 3’-oxidation but not the 4’,5’-elimination reactivhich
would have allowed Hcy to carry it through the catalytic cycle and reterenzyme
activity. This is characteristic of other Type | inhibitorsisas DHCeA and NepA,

which are tightly bound in the oxidized form.

Scheme 6.3. Typical type | inactivation mechanism shown by inhibitor NepA.

NAD* NADH e
¢ N _ N,
) . ¢
HO N N N /)
» SAHH HO §
HO OH 2
[} OH

6.4.3. The kinetics of ribavirin inactivation of Hs -SAHH and Tc-SAHH

correspond to the common model of time-dependent in hibition.
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Figure 6.5. shows that the rate constants for time-dependent ioibliey
the general hyperbolic model for time-dependent inactivation (ScBelmewnhich in
this case corresponds to a rapid, reversible binding step (equmlitmonstant K
followed by the essentially irreversible oxidation step witte reonstant k The
values of these parameters are given in Table 6.1. The mn@ihg is weak in both
enzymes, with Kapproaching millimolar values and the affinity slightly geedbr
Tc-SAHH. The oxidation step is about five-fold faster for TaHFRand the second-
order rate constant reflecting both affinity and oxidation radeabiout seven-fold

greater for Tc-SAHH.

6.4.4. Fluorescence differences upon binding and oxidation distinguish
ribavirin from DHCeA and NepA.

Both DHCeA and NepA in their oxidized forms quench the fluorescehfce

the NADH cofactor in the active site to about 2-5% of its #sgence in fapn With

no other ligand. This behavior is seen with both Hs-SAHH and Tc-SARtidghly

the same is true if ribavirin itself (in the reduced form)asind to the NADH form of

either enzyme. In contrast the enzyme-inhibitor complexes of ribaséntinue to
exhibit around 70-80% of the fluorescence @fads. This origin of this effect is
unknown but one possibility is that the oxidized ribavirin is unstable iadtiee site

and decomposes to generate compounds that do not quench the NADH fluorescence

The matter is under investigation.
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6.4.5. LC ESI+/MS analysis excludes the possibility  of irreversible

covalent bond between ribavirin and SAHHSs.

The LC/MS analyses were performed both igOHand in an acidic (1 %
formic acid) environment. Water was chosen to avoid the possiblecatelyzed
degradation of the exposed ribavirin that may be covalently bound to SAHHSs.
Compared to native SAHHS, there is no increase of protein molegaight in the
deconvoluted mass spectrum of SAHHs fully inactivated by ribavifihis
observation shows there is no ribavirin (oxidized or reduced) orraggnént thereof

covalently attached to the SAHHs. The information we have to datatedithat the

conversion of NAD to NADH in the SAHH active site by 3’-oxidation of ribavirin
is not accompanied by or succeeded by irreversible covalent bondtifmmnto the
enzyme. Among the possible circumstances are: (a) the oxidsaarin, intact or as
its decomposition products, either remains in the active site ortdepéh the main
cause of inhibition being irreversible conversion of the enzymeh® rton-
physiological form with NADH as the cofactor, a species Wwigcnormally restored
to the NAD form in the second part of the catalytic cycle (Fig. 6.b);réversible
covalent binding (e.g., 3’-Schiff's base formation with lysirepartially responsible
for inhibition, the main reason still being “stalling” of the enzywwith cofactor in the

wrong oxidation state.
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6.5. Summary

Ribavirin shows weak inhibitory selectivity for Tc-SAHH over HAHH in
its time-dependent action. It also appears to inhibit the SAHHP.ofalciparum
selectively (see Supporting Information, Table S2) and may therbfuseful as a

starting point in proceeding toward more selective inhibitors.
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Supporting information: Table 6. 1. Parameters describing the loss of NADH
fluorescence from the NADH forms of Tc-sAHH and Hs-SAHHadsinction of the

concentration of ribavirin (eq 2c). Experimental data and fitted cuakeshown in

Figure 6.6.
Parameters of eq 2c Tc-SAHH Hs-SAHH
Fe (uM™)-Fer (UM ™) 29638.4 =31326.7-1688.3 20994.4 =21994.3-1899.8
Fe: Fer 18.56: 1 11.6:1
Kr (uM) 586+ 12 407+ 5.5

#Tc-SAHH and Hs-SAHH fully reconstituted with NADH (both enzymes al¥)
were incubated with ribavirin (0-6 mM) in 50 mM phosphate buffer (pH 7.2), 1 mM
EDTA at 37°C.
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Supporting information: Table 6.11% Inactivation of Hs-SAHH, Tc-SAHH and Pf-
SAHH Dby ribavirin. Activity assay of SAHHs was performed the synthetic

direction by use of HPLC.

Inhibition (%) Hs-SAHH Tc-SAHH Pf-SAHH Time
Ribavirin -7.7 15.6 9.9 30 min
Ribavirin 13.0 52.5 41.7 4 hours

8Tc-SAHH and Hs-SAHH fully reconstituted with NAQboth enzymes at 0.816M)
were incubated with 198M ribavirin in 50 mM phosphate buffer (pH 7.2), 1 mM
EDTA at 22°C for 30 min or 4hours.
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Supporting information: Table 6. Ill: Data of Figure 6.4.

Activity Inhibition (%)

NADH Content (%)

Tc-SAHH

39.04+ 2.58 %

41.420.45 %

Tc-SAHH

56.30+5.42 %

57.62 0.56 %

Tc-SAHH

73.24+ 2.10 %

69.2@¢ 0.76 %

Tc-SAHH

95.42+ 13.3 %

98.421.11%

Tc-Positive
(NepA)

Control 97.31+ 10.85 %

10@ 0.97 %

Activity Inhibition (%)

NADH Content (%)

Hs-SAHH

30.07£ 1.37 %

41.12 0.40 %

Hs-SAHH

56.17+ 0.96 %

53.98 0.56 %

Hs-SAHH

72.63+1.69 %

69.81 0.70 %

Hs-SAHH

96.01+ 4.29 %

90.94-1.08 %

Hs-Positive

(NepA)

Control 98.43+ 9.94 %

10G: 1.07 %
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Supporting information: Figure 6.S1: The deconvoluted mass spectra of native Hs-

SAHH (a) and inactivated Hs-SAHH by ribavirin (b).

(a)

100- 47587

%7

O mass
4750 47600 47700 47800
(b)

100- 47587

%7

S s mass
4750 47600 47700 47800
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Chapter 7

Conclusion and Future Work

7.1.  Summary and conclusion

In both mammals and parasites, SAHH plays a unique and importa role
regulating methylation of macromolecules and small molecules.gbaés of my
project are to conduct comparative investigations of the propertiésirobn and
parasite SAHHs, which can be lead to design selective inhilaipagst parasite
SAHH over Hs-SAHH. This dissertation presents systematidies on different
kinetic and thermodynamic properties of cofactor NAD(H) as$iociaand
dissociation between Hs-SAHH and Tc-SAHH using biochemical,hlygipal and
computational methods, as well as research on selective inhilitainst the

parasitic enzyme Tc-SAHH.

Chapter 1 summarizes the structure and mechanism of Hs-SAHH and Tc-
SAHH, which share more than 70 % identity in sequence. Both SAHEls ar
homotertramers and each subunit includes one substrate-binding domain, one
cofactor-binding domain and an extended C-terminal tail. The kinatidsinhibitor
binding are comparable in Hs-SAHH and Tc-SAHH. There is no sgnif

difference in structure detected by comparing their availabjstal structures.
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Furthermore, it was reported that some properties of paestgnes are different
from those of the human enzyme, such as parasite enzyme Tc-8kididg with
cofactor more loosely than Hs-SAHWiEhapter 2 describes the basic features of
cofactor association and dissociation to Hs-SAHH and Tc-SAHI. dduilibrium
and kinetic properties of the association and dissociation of the @ofésD" from
Hs-SAHH and Tc-SAHH are qualitatively similar but quantitaly distinct. Both
enzymes bind NAD in a complex scheme. The four active sites of the
homotetrameric apo-enzyme appear to divide into two numerically etpssles of
active sites. One class of sites binds cofactor weakly aneraes full activity very
rapidly (in less than a minute). The other class binds cofactor stoyegly but
generates activity only slowly (over 30 min). In the caseToiSAHH, the final
affinity for NAD™ is roughly micromolar and this affinity persists as the @uyitiim
affinity. In the case of Hs-SAHH, the slow-binding phase teates in micromolar
affinity also, but over a period of hours, the dissociation rate cordtantases until
the final equilibrium affinity is in the nanomolar range. The slow binding of NiBy)
both enzymes exhibits saturation kinetics with respect to thetoofe@ncentration
but binding to Hs-SAHH has a maximum rate constant around 8,a6hile the rate
constant for binding to Tc-SAHH levels out at 0.006 & contrast to the complex
kinetics of association, both enzymes undergo dissociation of "N&n all four
sites in a single first-order reaction. The equilibrium affesitof both Hs-SAHH and
Tc-SAHH for NADH are in the nanomolar range. The dissocia@bé constants and

the slow-binding association rate constants for NABow a complex temperature
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dependence with both enzymes, but the cofactor always dissociates morefrapidly
Tc-SAHH than from Hs-SAHH, the ratio being around 80-fold at 37 AG the
cofactor binds more rapidly to Hs-SAHH than to Tc-SAHH above about 16 °C. These
features present an opening for selective inhibition of Tc-SAHH bl&eB5AHH,
demonstrated with the thioamide analogs of NADd NADH. Both analogs bind to
Hs-SAHH with about 40 nanomolar affinities but much more weaklya&AHH

(0.6 to 15 micromolar). Nevertheless, both analogs inactivatedAHHSto the
extent of 60% (NAD analog) or 100% (NADH analog) within 30 min, while
inhibition of Hs-SAHH approached 30% only after 12 h. The rate of loastivity is

equal to the dissociation rate of the cofactor and thus 80-fold fts8at °C for Tc-

SAHH.

To provide explanations on the differential cofactor binding properties
between Hs-SAHH and Tc-SAHIEhapter 3 identified a local structure factor, helix
18, as a target. The binding of NABnd NADH to SAHH appears structurally to be
mediated by helix 18, formed by seven residues near the Qitesraf the adjacent
subunit. Helix-propensity estimates indicate decreasing syabilihelix 18 in the
order Hs-SAHH > Tc-SAHH > Ld-SAHH > Pf-SAHH, which would bensistent
with previous observations. We report the properties of Hs-18Pf-SAHHuiman
enzyme with plasmodial helix 18, and Tc-18Hs-SAHH, the trypanosomamenz
with human helix 18. Hs-18Tc-SAHH, the human enzyme with trypanosbetial

18, was also prepared but differed insignificantly from Hs-SAHHso&iation of
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NAD™ with Hs-SAHH, Hs-18Pf-SAHH, Tc-18Hs-SAHH, and Tc-SAHH extedit
biphasic kinetics for all enzymes. A thermal maximum in ratapated to the onset

of local structural alterations in or near the binding site, ocdwatr&5, 33, 30, and 15
°C, respectively. This order is consistent with some reversiidages within helix

18 but does require the influence of other properties of the “host enzyme.”
Dissociation of NAD from the same series of enzymes also exhibited biphasic
kinetics with a transition to faster rates (that is tligdaenthalpy of activation more
than compensated by larger entropy of activation) at tempesatfiel, 38, 36, and

29 °C, respectively. This order is also consistent with changes i I&lbut again
requiring the influence of other properties of the “host enzymeb@lunfolding of

all fully reconstituted holo-enzymes occurred at around 63 °C, confiritinat the
kinetic transition temperatures did not arise from a major disnuptif protein

structure.

Chapter 4 identified another structure element responsible for the differenc
between cofactor binding properties of Hs-SAHH and Tc-SAPHsheet A in the
Rossmann motif. Mutagenesis, which was used in Chapter 3, was alsongekfin
this study. Mutations V215T and V217C firsheet A of the Rossmann motif of Hs-
SAHH result in a “parasitized” enzyme W8dc-SAHH, with B-sheet A similar to
that of Tc-SAHH. Mutations T214V and C216V of Tc-SAHH result in a “hoimed”
enzyme Td3AHs-SAHH with B-sheet A similar to that of the Hs-SAHH. Both Hs-

BATc-SAHH and TcBAHs-SAHH possess intact homotetrameric structures and
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secondary structure nearly identical to those of the parent eazyrhe catalytic
kinetics are also unaffected by these mutations. However, theckimétassociation
and dissociation of the NADcofactor show significant effects. The first-order
dissociation rate constants of the mutant enzymes fall belowatie dissociation
rate constant of Tc-SAHH and above the small dissociation matstant of Hs-
SAHH. Cofactor dissociation for H3ATc-SAHH is only slightly faster than for Hs-
SAHH and dissociation for TBAHS-SAHH is substantially slower than for Tc-
SAHH, as expected if the structurefegheet A is more robust to mutational effects in
Hs-SAHH than in Tc-SAHH. The temperature dependence of tkecomstant for
cofactor dissociation is biphasic for both mutant and wild-type eagymwith the
Eyring curves for the mutants lying between those for thd-type enzymes; again
the mutational effect is larger for Tc-SAHH than for HsF8A The association
process of the cofactor with apo-BaTc-SAHH follows the same fast-binding/slow-
binding scheme observed with the wild-type enzymes and with verjaiskmetics
(in particular, initial binding at micromolar levels of cofactdn contrast, TAHs-
SAHH underwent cofactor binding only at millimolar levels, suleat tit was not
possible to establish clearly that the overall kinetic schema® the same as Hs-
SAHH, Hs$ATc-SAHH, and Tc-SAHH. The kinetics of cofactor associatiatm viic-
BAHs-SAHH was, however, qualitatively and quantitatively similarthat of the
wild-type Pf-SAHH. These results support the view that druggdesrgeted to the

cofactor binding site is a promising avenue for anti-parasitic therapy.
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Based on the available X-ray structures of the SAHHSs, the Mialec
Mechanics-Generalized Born Surface Area (MM-GBSA) method apgdied with
computational alanine scanning to predict residues which are impdadarihe
differential cofactor binding properties of Hs-SAHH and Tc-SAHthin 5 A of the
cofactor NAD(H)binding site.Chapter 5 describes the computational predictions
and experimental evidence. The only non-identical residues irrathgee make no
contribution to differential cofactor binding between Hs-SAHH dicdSAHH. On
the other hand, four pairs afentical residues are shown by computational alanine
scanning to differentiate cofactor binding to Hs-SAHH and Tc-SABxherimental
mutagenesis was performed to test these predictions feme Ignd tyrosine residue
of the C-terminal extension that penetrates a partner subundrrio gart of the
cofactor binding site. The K431A mutant of Tc-SAHH (TcK431A) losgesofactor
binding affinity but retains the wild type tetrameric structwigile the corresponding
mutant of Hs-SAHH (HsK426A) loses cofactor affinity and alscataeric structure
[Ault-Riche et al. (1994)J Biol Chem.269(50):31472-8.] The tyrosine mutants
HsY430A and TcY435A change the NARssociation and dissociation kinetics, with
HsY430A increasing the cofactor equilibrium dissociation constant &imund 10
nM (Hs-SAHH) to about 800 nM and TcY435A increasing the cofadarlibrium
dissociation constant from around 100 nM (Tc-SAHH) to about 1 mM. Both ekang
result from larger increases in off-rate combined with snalkcreases in on-rate.
Overall, the lysine and tryptophan predicted by computational alacamisg play

important roles in differential cofactor binding of SAHHs.
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Further attempts to design and search for selective inhibitoiasagec-
SAHH were performed. Besides the cofactor-binding site idedtifis a plausible
target site based on above obtained data (Chapter 2-5), the subsitlaig-domain
as a traditional design site for inhibitor was selected. Rilmayirj 2, 4-triazole-3-
carboxamide riboside) is a well-known antiviral drug. Ribavirin has dleen
reported to inhibit Hs-SAHH.Chapter 6 describes how ribavirin, which is
structurally similar to adenosine, produces time-dependentvagtoti of Hs-SAHH
and Tc-SAHH. Ribavirin binds to the adenosine-binding site of both SAHids a
reduces the NAD cofactor to NADH. The reversible binding step of ribavirin to Hs-
SAHH and Tc-SAHH has similar Kvalues (266 and 194iM), but the slow
inactivation step is five fold faster with Tc-SAHH. Ribavirinyraovide a structural
lead for design of more selective inhibitors of Tc-SAHH aspdl anti-parasitic

drugs.

Overall, studies on differential cofactor association and dissmtiptoperties
between Hs-SAHH and Tc-SAHH should help us to better understasd the
enzymes and lead to the design of more selective inhibitors fotreagnent of

Chagas disease.

7.2. Potential future work
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Besides the extended C-terminal tail and the firsheet of the Rossman
motif, it is possible that additional structural elements maysealifferences in the
properties between the human and parasite enzymes. Improved conputat
methods can be very helpful in providing more accurate and useful information in this

regard.

As mentioned in Chapter 2, the cofactor binding process consists of two
phases: a fast-binding phase (the dead time of binding) and a slowepipitase.
Stopped-flow rapid mixing is a technique which can detect ligand-binégfions
occurring on time scales as short as a few milliseconds. Skirtbécs of cofactor
binding to apo-SAHHSs in the fast-binding phase can be measured byethsd.
Analysis of this cofactor fast-binding phase should improve our cofassmociation
model which was created based on data primarily from the slowAginghase.
Moreover, the binding process of cofactor to the apo-form of SAHks lme
simulated using available crystal structures and these daild improve our

understanding of cofactor binding.

In Chapter 5, computational alanine scanning predicted that fots pfi
identical residues of Hs-SAHH and Tc-SAHH could cause diffeakrdofactor
binding properties. Due to limited time and computer resources, wolypairs of
residues (LYS and TYR located on C-terminal tail) were chosethis mutagenesis

study. The other two pairs of identical residues (ASN locatelerninge region and
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GLU located in cofactor-binding domain) could also be mutated to al&miterther
studies. If the cofactor binding properties of these mutations nsatthe
computational predictions, this will confirm that residue AgMf Hs-SAHH and
residue GLU,s of Tc-SAHH could be evaluated for their roles in cofactooassion

and dissociation.

Finally, Tc-SAHH is one of the parasite SAHHs of significanterest.

Similar studies could be performed on other parasite enzymes, sSB#SAHH and

Ld-SAHH, to help design either broad-spectrum or more specific anti-pardsits.
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