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ABSTRACT: This article is an overview of current research in the area of sulfate activation. Emphasis is placed
on presenting unresolved issues in an appropriate context for critical evaluation by the reader. The energetics of
sulfate activation is reevaluated in light of recent findings that demonstrate that the synthesis of activated sulfate
is thermodynamically driven by GTP hydrolysis. The structural and functional bases of this GTPase activation are
discussed in detail. The bonding and hydrolysis of the high-energy, phosphoric-sulfuric acid anhydride bond of
activated sulfate are presented along with an analysis of the importance of the divalent cation and pyrophosphate
protonation in the equilibria governing activated sulfate formation. The molecular genetics of sulfate assimilation
in prokaryotes is reviewed with an emphasis on the regulation of the pathway. Recent discoveries connecting
sulfate activation to plant/microbe symbiogenesis are presented, as are several examples of the importance of

activated sulfate in human metabolism and disease.
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I. INTRODUCTION

Sulfate, by most chemical norms, is unreactive
under moderate conditions of pH, temperature,
and ionic strength; yet, it is readily assimilated by
most, if not all, living things. The biological so-
lution to this problem is a familiar one: sulfate is
chemically activated via adenylylation. Once ac-
tivated, sulfate is energetically poised for facile
entry into its metabolic fates of reduction and
group transfer. This article discusses the chemis-
try, enzymology, molecular genetics, and mam-
malian relevance of sulfate activation in the con-
text of recent literature. Other excellent reviews
provide stepping stones to earlier literature and
topics not discussed here.!-

Il. IN THE BEGINNING

The concept that a chemically activated form
of sulfate might be a metabolic intermediate in
the transfer of sulfate to various acceptors ap-
peared in the literature for the first time in 1952.
Three articles published that year in the Journal
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of Biological Chemistry demonstrated that the
sulfation of phenolic compounds required adenos-
ine triphosphate (ATP) and Mg? to potentiate
sulfate, rather than the phenolic-acceptor, for the
sulfuryl group transfer.®® This work intrigued Fritz
Lipmann,” who had been working in the area of
biochemical activation for some time: “The prob-
lem of sulfate activation is somewhat unusual in
so far as it represents an ATP-linked activation of
an inorganic compound other than phosphate. . . .
In view of certain similarities to the carboxyl
group activation, we have recently turned our
attention to this unusual reaction . . . * (Fritz
Lippmann'®), In 1955, using partially purified
enzyme preparations, he and Helmuth Hiltz
showed that the activating reaction(s) produced
one molar equivalent of PP, and adenine per mole
of activated sulfate from ATP and sulfate.!° Based
on this evidence and formidable chemical intu-
ition, they tentatively proposed that adenosine-5'-
phosphosulfate (APS) was the structure of acti-
vated sulfate. This landmark article was the first
to describe the chemical structure of activated
sulfate. In a subsequent article, published in 1956,
Lipmann and Robbins!! purified enough activated
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sulfate to perform more detailed structural analy-
ses and found that the sulfuryl group donor was,
in fact, adenosine-3’-phosphate-5’-phosphosulfate
(PAPS) rather than the previously suspected APS.

The aforementioned studies were performed
with protein extracts obtained from rat or lamb
liver that were sensitive and difficult to work
with. In 1956, Lloyd Wilson and Robert
Bandurski'? published their work using more stable
extracts prepared from yeast. Although yeast ex-
tract catalyzed the formation of activated sulfate,
its activity was “lost” on fractionation; however,
the activity could be reconstituted by combining
two of the fractions, each of which was heat la-
bile. This was the first suggestion that two pro-
teins were involved in the activation. In back-to-
back publications later that same year, Wilson
and Bandurski!* and Robbins and Lipmann!* in-
dependently published their findings that the yeast
fractions separately contained either ATP
sulfurylase or APS kinase and that these enzymes
catalyzed consecutive steps in the activation of
sulfate. The chemical synthesis of APS, published
in 1957, provided access to large quantities of
APS, which considerably aided these studies. By
the end of 1958, both ATP sulfurylase and APS
kinase had been purified from yeast, the extremely
unfavorable equilibrium constant for the ATP
sulfurylase reaction had been measured, and its
metabolic implications discussed.!5!7

. CHEMICAL POTENTIAL, BONDING,
AND REACTIVITY OF ACTIVATED
SULFATE

A. Thermodynamics

The equilibrium constant for the ATP
sulfurylase reaction can be written

K, =Y (aps)-Y (PR)/> (aTP)- Y (s0,)=1.1x10*
| ' (1)

where the total concentration of a given reactant
is represented by the sum of the concentrations of
the protonated and/or metal ion complexed forms
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of that species. Because this expression does not
explicitly include either the proton or Mg? con-
centration, the equilibrium constant is apparent —
indicated by the prime — and is a function of both
pH and Mg?* concentration. The value of 1.1 x 108
was determined under the following conditions
and initial reactant concentrations: 10 mM ATP,
20 mM SO,, 5.0 mM MgCl,, 0.1 M Tris, pH = 8.0,
T = 37°C.V

This equilibrium constant presents a consid-
erable energetic barrier to the accumulation of
activated sulfate. It is often suggested that the
chemical potential of the APS kinase and inor-
ganic pyrophosphatase reactions might energeti-
cally compensate the unfavorable ATP sulfurylase
reaction. This scheme is outlined in Reactions 2-4.
The AGs associated with these reactions are taken
from published literature.!™-!° The data were de-
termined at or extrapolated to pH = 8.0 and 5 mM
Mg?*, temperatures varied slightly.

AG (Kcal/mol)

ATP+8S0, «— APS+PP, 108 ()
APS + ATP «— ADP + PAPS 4.5 3
PPi «— 2Pi -18 4
Net (2-4):
2ATP+S0, «——>PAPS+ADP+2P, -15 5

Although the chemical potential of Reactions 3
and 4 is adequate to shift the thermodynamic
balance toward formation of activated sulfate, the
extent to which this potential is harnessed to drive
PAPS formation is determined by how near equi-
librium these reactions are. In exponentially grow-
ing cultures of Escherichia coli, the PP; concen-
tration is estimated at 0.5 mM.? Thus, Reaction 4,
the major thermodynamic compensating reaction,
appears to lie far from equilibrium in vivo and
may not significantly drive APS formation. As-
suming steady-state intracellular concentrations
of PP,, ATP, and SO, of 0.5 mM, 4 mM, and
10 mM, respectively, one calculates an intracellu-
lar APS concentration of 8.8 x 10-1° M. Although
this demonstrates just how low the APS concen-
tration might be, it assumes that the reactants

. behave ideally in vivo (i.e., their activity coeffi-
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cients approach unity) and does not treat the pos-
sibility of subcellular compartmentalization or
substrate channeling.

1. The Role of the Proton

Over the physiological pH range 7-9, the
displacement of PP, from ATP results in the do-
nation of a proton from solvent to PP,. This is
because the most basic pK of the ATP tripoly-
phosphate chain is 7.0, whereas that of pyrophos-
phate is 9.0.1 Thus, after or during its departure
from ATP, PP, will pick up a proton. The result-
ing pH dependence of the apparent equilibrium is
shown in Figure 1.
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potential used to drive PP, protonation and APS
formation. This discussion holds for any
nucleotidyl transfer reaction involving displace-
ment of PP; from a tripolyphosphate chain, not
withstanding other compensatory changes in re-
actant pKs.

Reaction 6 provides a measure of the relative
transfer potential of PP; and SO,; clearly, SO, is
a much better leaving group than PP,. At pH 8.0,
the pH at which the AG was determined, Reaction
6 is a composite of both the adenylyl transfer and
pyrophosphate protonation reactions. It is instruc-
tive to separate these to assess the proton inde-
pendent transfer potential of SO, vs. PP,. This can
be estimated by adding Reactions 6 and 7 as
follows:

[n]
a
e ©
!
+ + +

7 8 8 10 11
pH

FIGURE 1. pH dependence of the Gibbs potential of the
ATP sulfurylase reaction. The simulated conditions corre-
spond to those used for the experimental determination of the
equilibrium constant (i.e., 10 mM ATP, 20 mM SO,). The
chemical potential was simulated at 10 mM (+), 1.0 mM (+),
0.1t mM (0) Mg?. The equilibria used in the simulations are
shown in Table 1. The simulations were performed using the

Kinsim program.?!

The AG for protonation of PP* is quite large,
~12 kcal/mol at 37°C,2 and contributes substan-
tially to the overall equilibrium. Most of this
chemical potential is entropic and associated with
the hydration of pyrophosphate; solvent is more
ordered around the tetra- than the tri-anionic spe-
cies. Ultimately then, solvent organization pro-
vides the lion’s share of the thermodynamic

AG (Kcal /mol)

H* + ATP* +S0% «—> APS* +HP,0% 10.8 )
HP20§,' — PZO;_ +H* 12 %)
ATP* +S0% «—» APS? +HP,0%" 22.8 ®

Equation 8, the proton independent reaction, shows
that the group transfer potential of sulfate is
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extraordinarily high compared with that of pyro-
phosphate and demonstrates just how well suited
APS is in providing a chemically activated sulfu-

ryl moiety.
2. Simulated Equllibria

To assess the influence of pH and Mg?* con-

simulated as a function of both of these variables —
see Figures 1 and 2 and Table 1. For comparative
purposes, the concentrations of ATP and SO, used
in the simulations are the same as those used for the
experimental determination of the equilibrium con-
stant, 10 mM and 20 mM, respectively.!! The equi-
librium constants used for the simulations are pre-
sented in Table 1.1%* Simulations were performed
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centration on the apparent equilibrium, it was using the KINSIM program.?!
12 4
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FIGURE 2. Mg?* dependence of the Gibbs potential of the
ATP sulfurylase reaction. The simulated conditions correspond
to those used for the experimental determination of the equilib-
rium constant (i.e., 10 mM ATP, 20 mM SO,). The open circle
was simulated using the experimental Mg?* concentration, 5 mM.
The equilibria used in the simulations are shown in Table 1. The
simulations were performed using the Kinsim program.?’

Table 1
Reactions and Constants Used in the Equilibrium
Simulations®
Reaction Equllibrium constant
MgP,0,P> «—— Mg?* + P,0,* 3.89 ¢
MgHP,O,"- «— Mg? + HP,0,* 8.71 e~
Mg,P,0,° «— 2Mg?* + P,O+ 457 e
H,P,0.# ¢ H+ + HP,0,* 7.59 g7
HP,0,* «— H* + PO+ 1.12 @9
HATP* «— H* + ATP+ 1.12 ¢7
HATP%® ¢— H+ + ATP*+ 8.71 o5
MgATPZ- «—— Mg? + ATP+ 1.00 ¢
MgHATP!'- «—— Mg?** + HATP% 3.24 ¢
1.10 e™®

ATP‘- + 8042_ «— APS% 4 P2074_

& Constants were determined at or adjusted to 25°C and 0.2 ionic
strength. The equilibrium constants were obtained from Refer-
ences 17 and 19.
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a. pH Effects

The apparent equilibrium constant for APS
formation increases with increasing pH over the
pH range 6-10 (see Figure 1 and previous discus-
sion). This is caused primarily by the mass action
associated with deprotonation of HP,0,*. Be-
cause the coordination of Mg?* can result in
deprotonation of HP,0,*, the pH and Mg?* ef-
fects are coupled. At Mg?*/ATP << 1, Mg? com-
plex formation contributes little to the apparent
equilibrium. At Mg?*/ATP 2 1, the Mg?*-associ-
ated deprotonation of HP,0,3- causes the equilib-
rium to become pH independent between 7 and
10. At lower pH (5 to 6), the equilibria are Mg?*
independent because the major pyrophosphate
species, H,P,0,%-, does not appreciably complex
Mg*.

b. Mg?+ Effects

The influence of Mg?* concentration on the
apparent equilibrium at pH = 8.0 is shown in
Figure 2. The curve is biphasic. The plateau is due
to the negligible thermodynamic contribution of
Mg? at low Mg?*/ATP. The linear decrease in AG
at Mg?*/ATP 2 1 is caused by the greater affinity
of PP, than ATP for Mg?* and the accumulation of
the Mg,PP, at the higher Mg?* concentrations.

C. Bonding

Sulfur, a group VIB element, contains six
electrons in its valence shell, which has the elec-
tronic configuration (3s)2(3P,)*(3P,)(3P,). Its
atomic number, 16, is sufficiently large that the d-
and p-orbital energies are close enough to allow
the d-orbitals to participate extensively in bond-
ing.?> The higher symmetry of the d- compared
with the s- and p-orbitals allows a greater diver-
sity of bonding geometries and coordination num-
ber — sulfur forms covalent bonds to as many as
six atoms. Qualitatively, sulfur-oxygen bonding
in sulfate and, presumably, the —-SO, group of
activated sulfate involves both G- and - bonds.
The 6-bonds are formed between the p-orbitals of
oxygen and sp* hybridized orbitals of sulfur and
provide the tetrahedral framework of the mol-

ecule. The w-bonds between the sulfur, d- , and
oxygen, p-, orbitals form the basis of the familiar
sulfate resonance bonding scheme. The ®-bonds
are believed to involve overlap of each of the d,?
and d,2_* orbitals of sulfur with four p-orbitals,
one from each oxygen. Each of these molecular
orbitals contributes 1/4 bond order to the S-O
bond. The resultant n-bond order is 1/2 and the
total bond order for each S-O bond is 1.5.

An interesting feature of the mt-bonds is that
they are believed to involve d-orbital contrac-
tion.?*26 Various self-consistent field radial-wave
functions for the d-orbitals of sulfur suggest that
these orbitals are too large and diffuse to ailow
significant overlap and bonding with the much
smaller p-orbitals of oxygen. However, oxygen is
considerably more electronegative than sulfur, 3.5
and 2.5, respectively, on the Pauling electronega-
tivity scale.?’ This difference in electronegativity
is believed to cause an increased positive charge
at the sulfur nucleus that, in turn, acts to draw
down or contract the d-orbitals to a point where
they form significant bonds with the oxygen p-
orbitals, thereby reducing the positive charge at
sulfur in accord with Pauling’s principle of
electroneutrality.?®

D. Reactivity

The mechanism of sulfate ester hydrolysis is
predominantly dissociative with slight associa-
tive character (see Figure 3).° The rate-limiting
step is believed to be the scission of the S-O bond
with the concomitant release of sulfur trioxide.
This mechanism is based, in large measure, on the
fact that the rate of hydrolysis is quite sensitive to
the pK of the leaving group (B =-1.2 for hydroly-
sis of monanions of nitro- and dinitrophenyl-
sulfates®) and insensitive to the pK of the incom-
ing nucleophile (B = 0.20 for the nucleophilic
reactions of p-nitrophenylsulfate with 3’, 2’, and
1’-amines?!). These P values are similar to those
for hydrolysis of the corresponding phosphate
monoesters, which are well-characterized, disso-
ciative reactions believed to involve the release of
the metaphosphate monanion.

Studies with phenylphosphosulfate show that
the unprotonated dianion slowly hydrolyzes in
water; the protonated monanion hydrolyzes three
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A) Dianion Hydrolysis
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FIGURE 3. The chemical mechanism of phenylphosphosulfate hydrolysis in aqueous soiution.

orders of magnitude faster.?® This acid activation
is due to the protonation of the phosphoryl oxy-
gen in a step that is fast, compared with release of
the sulfur trioxide. Approximately 5% of
phosphosulfate cleavage occurs by a different
mechanism: displacement of sulfate, presumably
by nucleophilic attack, at the phosphoryl group in
a reaction that mimics those known to occur for
phosphate diesters.?® Activation of sulfuryl group
transfer by protonation of the phosphoryl group
provides a means for the biological substrate, APS,
to remain stable in vivo yet be catalytically acti-
vated for transfer by enzymatic protonation at the
a.-phosphoryl group.

Although there are many similarities between
sulfate and phosphate hydrolysis, an important
difference lies in the molecularity of the transi-
tion states.?>-3! The ASt for hydrolysis of phos-
phate mono- and dianions is typically slightly
positive; in contrast, sulfate ester hydrolysis
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shows a negative AST. Positive values are con-
sistent with a dissociative mechanism in which
the entropy of the system increases in going to
the transition state because of the dissociation of
the leaving group.?? Reciprocally, a negative ASY
is indicative of an associative mechanism in
which the entropy of the transition state is de-
creased because of reactant association in the
transition state.’2 Negative values for dissocia-
tive mechanisms have been observed and sug-
gest a small degree of bond formation in the
transition state. Rather than actual bond forma-
tion, this modest, negative AST could reflect a
reorganization of solvent in the transition state
in response to redistribution of charge caused by
the dissociating leaving group. Whatever the
mechanism, sulfate ester hydrolysis appears to
involve significantly more solvent participation
in the transition state than phosphate ester hy-
drolysis.
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IV. GENETICS AND BIOCHEMISTRY OF
SULFATE ACTIVATION IN E. COLI

The metabolic pathways of sulfate utilization
in E. coli and Salmonella typhimurium are well
studied and extremely similar — analogous struc-
tural genes often showing 70-80% identity. The
chemical steps and associated genes in the E. coli
pathway are presented in Figure 4. Cysteine, the
end product of the pathway, is synthesized in four
phases: transport, activation, and reduction of
sulfate, followed by incorporation into cysteine.
Genetic lesions in this pathway often result in a
nutritional requirement for cysteine; hence, the
genetic acronym, cys. Currently, 18 genes are
known to be involved in cysteine biosynthesis
(see Table 2). Reviews describing the metabolic

502
memb. =={== CysTWA (52')

SOg-
e

GTP
ATP } cysD

PP, ﬁ cysN
P, + GDP .

use of sulfate by other organisms can be found
elsewhere.23.33

A. Regulation of cys Genes:
Transcriptional Activation by the CysB
Protein

The cysteine (cys) genes are found alone or in
clusters that are well isolated from one another on
the chromosome. As is often the case, many of
these functionally related genes are organized into
polycistronic transcriptional units. The activities
of the proteins involved in the cysteine biosynthe-
sis, are coincidentally regulated in response to
specific sulfur nutrients. (They are inhibited by
end products of the pathway, cystine, and cys-

E. coli K-12 Chromosomal Map

APS
ATP j{‘ cysC
ADP cysB (28')
PAPS (autoregulatory)
cysH ¢ys GENE CLUSTER (59)
so%
cysl ‘-'Se'iRCGCoA ( feedback inhibition )
CVSs cyskE (81 -————————— e
ySJ ysE (81 t; CoA N
§2 + O-acetyl-L-serine -—= L-cysteine _

(+ effector) cysK (52')
or

cysM (52"

FIGURE 4. The genetics and biochemistry of sulfate utilization in E. coli.

521

RIGHTS



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by Mamo Hogskola on 01/07/12

For personal use only.

Table 2

Genes and Proteins Involved in Cysteine Blosynthesis in

E. coli and S. typhimurium

Gene Protein/function

Cysteine
reguion

cysA ATP binding subunit of the membrane-associated Yes
thiosulfate/sulfate transport complex2

cysB Transcriptional activator of the cysteine regulon Yes
cysC APS kinase Yes
cysD ATP sulfurylase, smaller subunit Yes
cysN ATP sulfurylase, larger subunit, putative GTP Yes
binding subunit
cysE Serine transacetylase Yes
cysG Sulfite reductase, siroheme ?
cysH PAPS sulfotransferase Yes
cysl Sulfite reductase, heme protein Yes
cysJ Sutfite reductase, flavoprotein Yes
cysL Selenate resistance ?
cysM O-Acetyl-I-serine sulfhydrylase-B Yes
cysP Thiosulfate binding protein ?
cysQ PAPS homeostatic protein? ?
cysS Cysteinly tRNA ligase ?
cysT Subunit of the membrane-associated Yes
thiosulfate/sulfate transport complex?
cysW Subunit of the membrane-associated Yes
thiosulfate/sulfate transport complex2
cysZ Sulfate transport (possibly sulfate binding Yes
protein®)
sbp Sulfate binding protein (possibly cysZ 2) Yes
? Cystine transport system Yes

2 Function inferred from sequence.

teine, and stimulated by metabolic precursors of
cysteine: sulfate and O-acetyl-L-serine.) The
known exceptions are serine transacetylase and
the CysB protein that regulate the pathway. The
cysteine regulon includes all of the operons in the
cysteine biosynthetic pathway. It is now well es-
tablished that most, if not all, of the operons in the
regulon are transcriptionally activated by the CysB
protein and the inducer O-acetyl-L-serine, the
immediate precursor of cysteine.*3

cysB has been cloned and sequenced, the en-
coded protein has been overexpressed and puri-
fied to apparent homogeneity.?>7 It is a 144-kDa
homotetramer that plays a dual regulatory role: it
stimulates transcription from promoters in the
regulon while inhibiting transcription from its own
promoter. CysB is a member of the LysR family
of bacterial, transcriptional activators.*® The DNA
sequence of each of the nine family members
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predicts a helix-turn-helix motif beginning roughly
23 residues from its amino-terminus. The six of
the family members that have well-defined func-
tion are transcriptional activators whose activities
are regulated by small molecule inducers. Four,
possibly five, of these regulate amino acid bio-
synthetic operons and at least four are auto-
regulatory.

The mechanism of transcriptional activation
by CysB and its inducers has been studied by
DNA footprinting, gel shift, and transcription
runoff experiments using purified reagents at sev-
eral cys operon promoters (i.e., cysB, cysJIH, cysK,
and cysPTWA).*>*? CysB binds with reasonably
high affinity (1-10 nM) at each of these promot-
ers; however, transcriptional activation requires
O- or N-acetyl-L-serine, which also increases the
affinity and specificity of the CysB promoter in-
teractions. The influences of sulfide,*! cysteine,*!
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thiosulfate,*? and O-acetyl-L-serine*’ on the abil-
ity of CysB to activate transcription in vitro have
been tested. Thiosulfate and sulfide inhibit both
transcriptional activation and binding. Interest-
ingly, these binding effects occur only in the pres-
ence of N-acetyl-L-serine. Cysteine has no effect
on binding or activation at concentrations as high
as 5 mM.

In contrast to the positively regulated oper-
ons, the in vivo concentration of CysB protein and
its mRNA are insensitive to growth on different
sulfur nutrients.’®*} The CysB binding site at its
own operon overlaps the canonical —10 and -35
RNA polymerase binding site. Thus, CysB ap-
pears to downregulate its own expression by com-
peting with RNA polymerase for the cysB pro-
moter. Its expression is self-limiting; the higher
its concentration, the slower its expression at satu-
ration, transcription stops. In vitro, N-acetyl-L-
serine causes release of CysB from its promoter,
allowing transcription to proceed.

B. The DNA Sequence of the Sulfate
Activation Operon from E. coli K-12

The DNA sequence of the sulfate activation
operon has been determined recently.* In addi-
tion to the expected findings (i.e., the organiza-

tion of structural genes and promoter elements,
the nature of intergenic regions, the amino acid
sequence of the encoded polypeptides, and the
likely transcription termination signals), the se-
quence analysis has predicted novel catalytic func-
tions for ATP sulfurylase with far-reaching meta-
bolic implications. It also provided a likely
structural framework for one of the ATP
sulfurylase subunits and offered important insight
into the symbiogenesis of the nitrogen fixing, soil
bactertum Rhizobium meliloti and its host, alfalfa.

1. The Operon Anatomy
a. The Promoter

A physical map of the sulfate activation op-
eron is shown in Figure 5.4 The expression of
ATP sulfurylase and APS kinase is regulated by
the transcriptional activator, CysB, and the in-
ducer, O-acetyl-L-serine. A comparison of the
known CysB operator sequences with the cysDNC
promoter sequence yielded the putative operator
shown in Figure 6. Typical of positive operator
sequences, the putative cysDNC operator is AT
rich.®* The —35 and —10 RNA polymerase consen-
sus binding sequences,*¢ Shine-Dalgarno se-
quence,*’ and the operon transcription start site,

Physical Map of the Sulfate Activation Locus

iap  cysD cysN cysC
e — e ———
e ___ : —___4
1 3821
ATP sulfurylase APS kinase
ATP + SO, = APS + PP, APS + ATP = PAPS + ADP

FIGURE 5. The physical map of the sulfate activation locus. cysN and cysD encode ATP sulfurylase;
cysC, APS kinase. Arrows beneath gene symbols indicate the 3'-5 orientation of that gene. The catalytlc
activities associated with these enzymes are shown.
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Gene  Organism Promoter Sequences

. coli K-12 (-101) TTTTTGATATT....AGCTTTGCCAAATCGTTATTCC
EErrr 1 L1l AR ERE R
(-57) IATTTGTTATTTCCAACCCTTCTTTAATTGTTATTCC

cysD

E
cysJ S.typh.LT7

b

coli K-12 (-107) TAAGCACTTTTTGATAT....... TAGCTTTGCCAAATCGTTATTCC
R I PR T v e |

(-77) IAACCATTATTTCCCATCAGCATATAGATATGCCAAATCCTTACTTC

cysD

[

cysK  S.typh.LT2

cysD E. coli K-12 (-108) TTAAGCACTTTTTGATATTAGCTTTGCCAAATCGTTATT...... CCG.TTAAG
Pt Feerer et I THELEL 111 et
(-4) ITAACACCTTTTT..TATTA...IT...AAATCG.TATTAGCAGCCCGATTAAG

0

cysB . typh.LT7

FIGURE 6. Sequence comparison of cys promoters that are regulated by the CysB protein. The underlined bases are
protected by CysB in footprinting studies. The numbers in parenthesis indicate the position of the 5’-maost base in the
sequence relative to the major transcriptional start site for that gene.
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mapped by primer extension,*® have been deter-
mined.*

b. Translational Coupling

The translational termination and initiation
sequences of the cysD-cysN and cysN-cysC gene
pairs overlap; the termination and initiation codons
are separated by 1 base at the cysD-cysN junction,
the cysN-cysC pair overlap by 1 base (see Figure
7). This imbricated motif, known as translational
coupling, is believed to enhance translational ef-
ficiency and allow stoichiometrically well-defined
— often 1:1 — expression of contiguous genes. -
The cysN and cysC Shine-Dalgarno sequences,
believed to be important for proper alignment
during translational reinitiation, are indicated in
Figure 7.

cysD-cysN CAGGGGTATTAAGA’I‘GA (1500)

* wk O

CySN-cysC TGCTGGGGGATAAATAATGG (2927)

*kk Kk
FIGURE 7. Translational coupling of the cysDN and
cysNC gene pairs. Translational stop and start codons

are overlined and underlfined, respectively. Asterisks
indicate possible sites for translational reinitiation.

c. Transcription Terminator

Transcription terminators are classified as tho-
dependent or rho-independent, according to
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whether termination is facilitated by the rho pro-
tein.! Most rho-independent terminators share
well-defined sequence traits, including a
palindromic G/C rich sequence capable of form-
ing a stable RNA hairpin, immediately preceding
4-8 contiguous Us that are closely followed by
UCUG-like sequences.’? Hairpin formation dur-
ing transcription is important for the pausing and
subsequent dissociation of RNA polymerase.! A
sequence that conforms well to the features of the
rho-independent terminator can be found ~90 bp
downstream from the translational stop codon of
cysC. Termination at this site would result in a
polycistronic message containing all the genes
known to reside within the sulfate activation op-
eron. The sequence of this putative terminator is
shown in Figure 8.

c a3
OO
(= K]

G)G)C:OZK’O C)O

Adaado
* %0
*

*

UGAAGAAACCACAU GGUUUUAUCUCCUG- (3682)

’ * k%

FIGURE 8. A putative transcriptional terminator for
the sulfate activation operon.
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V. THE ROLE OF GTP IN SULFATE
ACTIVATION

A. GTPase-Mediated Activation of ATP
Sulfurylase

GTP-binding proteins, or GTPases, com-
prise a superfamily of metabolic regulatory pro-
teins.’3>* Members of this diverse family are
involved in many cellular processes, including
signal transduction,’-%8 vesicular trafficking,>
protein synthesis,® and cellular proliferation
and differentiation.®! GTPases often act at an
early stage in a metabolic cascade by binding to
and stimulating the activity of a target enzyme.
The majority of the known GTPases have been
identified solely on the basis of sequence simi-
larity with other known GTP-binding proteins.
To date, few of the roughly 100 known, or
presumed, GTPases have well-defined targets.
In cases where the target is known, purification
and reconstitution of the activation system of-
ten present major technical obstacles.

It is frequently, if not exclusively, the GTP-
bound form of the GTPase that is active in
stimulating a target’s activity; the GDP-bound
form is inactive.®34 The cell typically uses two
classes of proteins to regulate the activity of a
given GTPase: guanine nucleotide release pro-
teins (GNRPs) and GTPase-activating proteins
(GAPs). GNRPs, as their name implies, facili-
tate the release of guanine nucleotide (GDP)
from the GTPase. GDP release is often the rate-
limiting step in the regeneration of the active
GTPase. GAPs increase the k_,, for GTP hy-

cat

Table 3

drolysis — binding to a GAP inactivates the
GTPase. The k_, for GTP hydrolysis tempo-
rally regulates target activation by defining the
time interval during which activation can oc-
cur. GNRPs and GAPs determine when the
GTPase is activated and how long it will re-
main active, respectively.

The primary sequences of GTP-binding pro-
teins show regions of high similarity separated
by intervening sequences of well-defined length.
These findings were codified into a consensus
GTP-binding sequence that has proven ex-
tremely useful in the identification of new
members of most, but not all, classes of GTP-
binding proteins. The original consensus se-
quence contained three similarity elements with
constraints on the interelement spacing.62%3
These three elements reside in regions of the
protein that contact GTP. The consensus se-
quence has been expanded and refined re-
cently.®

A comparison of the GTP-binding consen-
sus sequence with the primary sequence of CysN
and several other known GTP-binding proteins
is shown in Table 3. When the functional impli-
cations of the GTP-binding site were investi-
gated, it was found that the initial rate of APS
formation was stimulated 116-fold at a saturat-
ing concentration of GTP (see Figure 9).58 The
stimulation of APS formation is concomitant
with the hydrolysis of GTP. The GTPase activ-
ity is stimulated by the presence of ATP and/or
SO,. This is the first demonstration that the
sulfate activation pathway is a target for GTPase
activation in any species and establishes a meta-

Sequence Comparison of the Putative GTP-Binding Region of ATP Sulfurylase with Other
Known GTP-Binding Proteins and a Consensus GTP-Binding Site.

Gene Protein Organism Element| IES* Element Il IES Element il  Ref.
cysN  ATP sulfurylase E. coli GSVDDGK 73 DTPG 51 NKMD 44
tufA Ef-Tu E. coli GHVDHGK 56 DCPG 51 NKCD 65
tufB Ef-G E. coli AHIDHGK 65 DTPG 50 NKMD 66
EF1-a H. sapien  GHVDSGK 71 DAPG 58 NKMD 67
Consensus sequence GXXXXGK 40-80 DXXG 40-80 NKXD 62

2 Interelement spacing (IES) is the number of amino acids between consecutive elements.

525

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by Mamo Hogskola on 01/07/12

For personal use only.

0.18;
®
g
s
E 0.0
H
3
g
2
> 0.051
g
(4
3
0.00 , :
o 50 100
GTP (M)

FIGURE 9. GTP stimulation of ATP sulfurylase ac-
tivity. The assay mixtures contained GTP, at the con-
centration indicated, and ATP (5.0 mM), ¥S0, (2.5
mM, SA = 120 Ci/mol), KCI {39 mM), PEP (0.54 mM),
MgCl, (1 mM + [total nucleotide]), HEPES-K* (50 mM),
pH 8.0, ATP sulfurylase (20 pg/ml), pyruvate kinase
(27 um/ul), and inorganic pyrophosphatase (0.12 pm/ul).

bolic connection between GTP and sulfate ac-
tivation that could function in vivo to regulate
the assimilation of sulfur.

In several GTP-hydrolyzing systems, the en-
ergy released by GTP hydrolysis is used to
thermodynamically drive another chemical pro-
cess. This coupling occurs by one of two different
mechanisms: direct chemical coupling in which
chemical groups are exchanged between GTP and
the other reactants (e.g., succinyl-CoA syn-
thetase®° and PEP carboxykinase’), or confor-
mational coupling, which requires an ordered se-
quence of chemical events to wed GTP hydrolysis
to the coupled process’™ (e.g., protein transla-
tion).”>75 Either mechanism could contribute as
much as ~-7 kcal/mol of chemical potential to
drive APS formation (discussed in the thermody-
namic section). Preliminary work in our labora-
tory clearly shows that GTP hydrolysis and APS
formation are energetically linked. The mecha-
nism of this coupling is currently under investiga-
tion.

There are several properties of the ATP
sulfurylase-associated GTPase in addition to its
metabolic context that appear unique among the
members of the GTPase superfamily. The well-
characterized GTPases are different from their
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target protein(s), and their inherent GTP-hydro-
lyzing activity is stimulated by interaction with
GAPs and GNRPs. In contrast, the hydrolytic
activity of the ATP sulfurylase-GTPase is stimu-
lated by the small molecule substrates for the
reaction that is regulated, and the GTPase and
target activities are tightly associated in a single
enzyme that is composed of two types of sub-
units. Current models of GTPase/target interac-
tions suggest that the CysN subunit is the GTPase
and CysD is the catalytic subunit of ATP

sulfurylase.

B. Implications from Known GTPase
Structures

The three-dimensional structures of the
nucleotide-bound complexes of two known
GTPases, ras and the GTP-binding domain of
elongation factor Tu (EF-Tu),’%7 have been
determined. Although the structures of these
molecules are remarkably alike, their amino
acid sequences are not. Their GTP-binding
domains are ~17% identical.’®7 It appears that
although nature has allowed the amino acid
sequences of these proteins to diverge consid-
erably, it has preserved the three-dimensional
architecture that underlies their functional re-
latedness. Optimal alignment of the RAS and
EF-Tu structures results in a positional devia-
tion of 1.4 A (rms) at a given o-carbon; how-
ever, the structural elements involved in nucle-
otide binding are virtually identical. After
careful analysis of the sequences and structures
of RAS and EF-Tu, Valencia et al.” proposed
a set of core residues that are structurally im-
portant for the proper functioning of these and
probably other GTPases. The criteria used for
the selection of core residues were that they lie
in the conserved primary sequences of the
GTPase superfamily, that they have a large
number of intraresidue contacts, and that they
are located in regions that are structurally con-
served between EF-Tu and RAS. A comparison
of the primary sequences of CysN and EF-Tu is
shown in Figure 10. The comparison metrics
for this overall alignment were 27% identity
and 49% similarity; when the core residues were
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. GXXXXGK.
CysN 22 QQHKSLLRFLTCGSVDDGKSTLIGRLLHDTRQIYEDQLSSLHNDSKRHGT 71
[ S I R R : N T
Ef-Tu 7 ERTKPHMNMGTIQHMDHQKTILIAAITTVLAKTYGGAARAFDQ ....... 49

. DXXG .
CysN 72 QGEKLDLALLVDGLQAEREQGITIDVAYRYFSTEKRKFIIADTPGHEQYT 121
I A N R N S L RN AR
Ef-Tu 50 .......... IDNAPEEKARGITINTSHVEXDTPTRHYAHKDCPGHADYV 89

NKXD

CysN 122 RNMATGASTCELAILLIDARKGVLDQTRRHSFISTLLGIKHLVVAINKMD 171
2 N T I O IR T I I B N I I I I O N R R

Ef-Tu 90 KNMITGAAQMDGAILVVAATDGPMPQTREHILLQRQVGVPYIIVFLNKCQ 139

SA .
CysN 172 LVDYSEETFTRIREDYLTFAGQ LPGNLDIRFVPLSALEGDNVASQSES 219
3 I A I T O S S S O 1 J T AP T S I I O S S
Ef-Tu 140 MVD DEELLELVEMEVRELLSQYDFPGD DTPIMRGSALKALEGDAEWEA 187

CysN 220 MPWYSGPTLLEVLET..VEIQRVVDAQPMRFPVQYVNRPNLDFRGYAGTL 267
.o I I IR I IV B IRl T S
Ef~Tu 188 KIL....ELAGFLDSYIPEPERAID.KPFLLPIEDVFSISGRGTVVTGRV 232

CysN 268 ASGRVEVGQRVKVLP SGVESNVARIVTFDGDREEAFAGEAITLVLTD 314
A R N I .. | sl AHlesoee] s
Ef-Tu 233 ERGIIKVGEEVEIVGIKETQKSTCTGVEMFRKLLDEGRAGENVGVLLRGI 282

CysN 315 EIDISRGDLLLAADEALPAVQSASVDVVWMAEQPLSPGQSYDIKIAGKK 363
I I I I I - R [
Ef-Tu 283 KREEIERGQVLAKPGTIKPHTKFESEVYIL .......... SKDEGGR 319

For personal use only.

CysN 364 TRARVDGIRYQVDINNLTQREVENLPLNGIGLVDLTFDEPLVLDRYQQNP 413
O I I N N N P O T i
Ef-Tu 320 HTPFFKGYRPQFYFRTTDVTGTIELP EGVEMVMPGDNIKMVVTLIHPIA 368

CysN 414 VTGGLIFIDRLSNVTVGAGMVHEPVS 439
PN N I e R R N RS N
Ef-Tu 369 MDDGLRFAIREGGRTVGAGVVAKVLS 394

Comparison Metrics

Comparison % Identity % Similarity
CysN with Ef-Tu 27 49
CysN with Ef-Tu
Structural Core

43 71

Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by Mamo Hogskola on 01/07/12

FIGURE 10. A comparison of the primary séquences of CysN and Ef-Tu. The GTP binding consensus
elements are placed over their corresponding regions in CysN and EF-Tu. The structural core residues of Ef-Tu
are underlined, and the alignment metrics are given.

used as the query sequence, the metrics in- binding structural motif provides the basis for the
creased to 43% identity and 71% similarity. functional and primary sequence similarities of
These comparisons suggest that a common GTP- ATP sulfurylase with other known GTPases.

527
RIGHTS



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by Mamo Hogskola on 01/07/12

For personal use only.

VL. SULFATE ACTIVATION/GTPASES IN
NITROGEN FIXATION

Rhizobium melilotti, a soil bacterium, shares
a symbiotic relationship with legumes, a large
family of angiosperms.®8! The bacterium con-
verts dinitrogen to ammonia for the plant, which,
in turn, supplies it with photosynthetically de-
rived metabolites. The interactions between the
plant and bacterium that led to symbiosis are
complex and fascinating. Plants communicate with
soil bacteria by releasing chemical signals from
their roots. Among these signals are chemo-
attractants, which draw the bacterium toward the
root, and bacterial gene inducers. Once the bacte-
rium is sufficiently close to the root, the inducers
activate specific sets of bacterial genes. One such
set of genes, the nod genes, is essential for the
formation of plant root nodules. This growth re-
sponse is one of a number of physiological changes

A

undergone by both the plant and bacterium that
ultimately result in the transport of the bacterium
into the plant’s cytosol, its dedifferentiation, and
the initiation of its nitrogen-fixing activity.

The nodP and nodQ genes from R. melilotti
are essential for nodulation.?? They belong to
the subset of nod genes that are responsible for
determining the bacterium’s host specificity.
Based on the similarity of NodPQ and CysDNC
amino acid sequences (see Figure 11), it ap-
peared likely that the nod genes encoded ATP
sulfurylase and APS kinase. Subsequently, this
was verified experimentally.8384 The GTP-bind-
ing elements of NodQ and CysN are identical,
suggesting that the nod system would also be
activated by GTP. Experiments using partially
purified NodPQ showed that this was indeed
the case. The initial velocity of activated sulfate
formation was stimulated minimally 50-fold by
the presence of GTP. Furthermore, no detect-

CysD 1 MDQIRLTHLRQLEAESIHIIREVAAEFSNPVMLYSIGKDSSVMLHLARKA 50
S S e R R e RN R A RN R

NodP 1

MSLPHLRRLEAEAIHVIREVVATFSNPVVLYSIGKDSSVLLHLAMKA 47

CysD 51 FYPGTLPFPLLHVDTGWKFREMYEFRDRTAKAYGCELLVHKNPEGVAMGI

NodP
CysD
NodP
CysD
NodPp
CysD
NodP
Cysb
NodP

CysD

NodP

FIGURE 11.
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48
101

98
151
148
201
198
251
248
301
298

N e B O O A o O O I T O Y I S S O O O T IO Y IR
FYPAKPPFPFLHVDTKWKFREMIEFRDRMARELGFDLLVHVNQDGVEQGI

NPFVHGSAKHTDIMKTEGLKQALNKYGFDAAFGGARRDEEKSRAKERIYS
Al Thas bt Pl bbb s PEER T e s LRRRTIIITT T e
GPFTHGSNVHTHVMKTMGLRQALEKYGFDAALAGARRDEEKSRAKERIFS

FRDRFHRWDPKNQRPELWHNYNGQINKGETIRVFPLSNWTEQDIWQYIWL
3 I A N e B I I S e e N R R R
IRSAQHGWDPQRORPEMWKTYNTRVGQGETMRVFPLSNWTEFDIWQYILR

ENIDIVPLYLAAERPVLERDGMLMMIDDNRIDLQPGEVIKKRMVRFRTLG
KR R R AN AN A N RN S R R R B RN
EEIPIVPLYFAARRPVVKREGMLIMVDDDRMPIQPEEEVTEQLVRFRTLG

CWPLTGAVESNAQTLPEIIEEMLVSTTSERQGRVIDRDQAGSMELKKRQG
I T I I T A O O O O I I I I S I I T SO O B N O
CYPLTGAVESDAVTVPEILREMLTVRTSERQSRLIDTDEVGAMEKKKREG

YF 303

|
YF 299

A

100
97

150
147
200
197
250
247
300
297

Comparison of cysDNC and nodPQ. (Panel A} Comparison of cysD with
nodP — alignment metrics and schematic peptide alignments are shown. (Panel B)
Comparison of cysN and cysC with nodQ.
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B

CysN 1 MNTALAQQIANEGGVEAWMIAQQHKSLLRFLTCGSVDDGKSTLIGRLLHD 50

I R N I S Pl rrener.
Nod0 1 MSYVQSIPPH. DIEAHLAEHDNKSILRFITCGSVDDGKSTLIGRLLYD 47

CysN 51 TRQIYEDQLSSLHNDSKRHGTQGEKLDLALLVDGLQAEREQGITIDVAYR 100

N e e N N AR E R R R RN N A RN
NodQ 48 AKLVFEDQLANLGRVGSPGAANGKEIDLALLLDGLEAEREQGITIDVAYR 97

CysN 101 YFSTEKRKFIIADTPGHEQYTRNMATGASTCELAILLIDARKGVLDQTRR 150
R N RN R R R R R R N N ER RN RN
NodQ 98 YFATSKRKFIVADTPGHEEYTRNMVTGASTADLAIILIDSRQGILQQTRR 147

CysN 151 HSFISTLLGIKHLVVAINKMDLVDYSEETFTRIREDYLTFAGQLPGNLDI 200
N RN N NN N RN S e N 0 N T
NodQ 148 HSYIASLLGIRHVVLAVNKIDLVDFKQQVYEEIVADYMAFAKEL GFASI 196

CysN 201 RFVPLSALEGDNVASQSESMPWYSGPTLLEVLETVEIQRVVDAQPMRFPV 250

N N N N o e N e N R RN AR
NodQ 197 RPIPISARDGDNVISASANTPWYRGAALLEYLETVELDPTDQAKPFRFPV 246

CysN 251 QYVNRPNLDFRGYAGTLASGRVEVGQRVKVLPSGVESNVARIVTFDGDRE 300
[ B R I I Y T N P e I R N N
NodQ 247 QMVMRPNADFRGYAGQISCGRISVGDPVVVAKTGQRTSVKAIVTYDGELA 296

CysN 301 EAFAGEAITLVLTDEIDISRGDLLLAADEALPAVQSASVDVVWMAEQPLS 350
N AR RN ITheslsler, . N I
NodQ 287 TAGEGEAVTLVLSDEVDASRGNMLVAPGARPFVADQFQAHVIWFDANPMM 346

CysN 351 PGQSYDIKIAGKKTRARVDGIRYQVDINNLTQREVENLPLNGIGLVDLTF 400
B T T I | IR SR I I Y I R TN IO IS I
NodQ 347 PGRSYILRTETDSVSATVTTLKHQVNINSFIREAAKSLQMNEVGVCNIST 396

CysN 401 DEPLVLDRYQQNPVTGGLIFIDRLSNVTVGAGMVHEPVSQATAAP ..... 445
NS R P ot R
NodQ 397 QAPIAFDAYNDNRATGNFIIVDRVTNATVGAGLIDFPLRRADNVHWHALE 446
RS I I T I TP
CysC 1 MALH. DENVVWHSHP 14

CysN 446 . SEFSAFELELNALVR.:.........: ..... RHFPHWGARDLLGDK 475
NodQ 447 VNKéARéAMKNéLPLVL&FTGLSGSGKSTIANELDAILHAQéKﬁiQLLéG 496
evsc 15 ik AR LSRG AL 4

NodQ 497 DNVRHGLNRDLGFTEEDRVENIRRVAEVAkLMADAGLIVLVSFISPFRDE 546
N e NPT

NodQ 547 RRMARELMEEGEFIEIFVDTPLDECARRDPKGLYEKALAGKIANFTGVSS 596
O O O O I I T o ey O I I I O A I Y RO R I IO B
CysC 115 RQMVRERVGEGRFIEVFVDQPLAICEARDPKGLYKKARAGELRNFTGIDS 164

NodQ 597 CYEAPENPELHIRTVGHQPNDLALAIEEFLDRRIGGQMTPLQRPT 641
SRR . |
CysC 165 VYEAPESAEIHLNGEQLVTNLVQQLLDLLRQNDIIRS 202
FIGURE 11B
able activated sulfate was formed in the absence NodP appears to be the smaller subunit of

of GTP, suggesting that GTP is essential for root ATP sulfurylase; it is 61% identical and 81%
nodule formation and symbiogenesis.? similar to CysD and their lengths differ by only

529
RIGHTS



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informaheal thcare.com by Malmo Hogskola on 01/07/12

For personal use only.

three amino acids.* NodQ contains homologues
of CysN and CysC, suggesting that it encodes
both the larger subunit of ATP sulfurylase and
APS kinase.* Western blots using antibodies
raised against CysC, also active against NodQ,
show that the NodQ is not proteolyzed into sepa-
rate APS kinase and ATP sulfurylase fragments.
The ATP sulfurylase and APS kinase activities of
the NodPQ system comigrate during size exclu-
sion and anion exchange chromatography, and
the partially purified complex converts ATP and
SO, into PAPS and ADP with little or no APS
formation. It appears that the ATP sulfurylase and
APS kinase activities in R. meliloti are associated
in a multifunctional protein complex, the so-called
sulfate activating complex (SAS).%

The fusion of ATP sulfurylase and APS ki-
nase into a multifunctional complex is of particu-
lar interest because these enzymes are considered
likely candidates to channel APS (i.e., to transfer
APS directly between the enzymes without re-
leasing it into solution).® This view is fostered by
the extremely unfavorable equilibrium constant
for APS formation and the potent inhibition of
APS kinase and ATP sulfurylase by APS.% These
obstacles to the formation of activated sulfate
could be overcome by channeling APS; this might
circumvent the equilibrium problem by using the
protein surface as the APS “solvent” and avoid
the inhibition by appropriate steric constraints in
the transfer step. It appears that the Penicillium
chrysogenum enzymes do not channel APS; how-
ever, these enzymes have not been reported to
form a complex.® It will be interesting to test the
channeling hypothesis in the multifunctional sys-
temns.

A molecular link between host specificity and
sulfate activation in R. melilotti has been estab-
lished recently.®’” A sulfated phytohormone, re-
leased by the bacterium in response to the nod

5047/ o0 ATP
E

X /( o
ATP E-ATP SO

4

APS
pp. — E'APS +PP; == E + APS + PP,

gene inducers, has been purified. It is an N-acety-
lated glucose tetramer containing a single sulfuryl
group at carbon 6 of the reducing glucosyl moi-
ety. The pure compound causes distortion and
branching of alfalfa root hair, a symbiogenic plant
activity. The unsulfated morphogen, no longer
active on alfalfa roots, becomes active on a differ-
ent host, vetch. Hence, the sulfuryl group modifi-
cation determines host specificity.

The nodPQ genes of another nitrogen-fixing
soil bacterium, Azospirillum brasilense, are also
extremely similar to cysDNC? and nodPQ .38 The
sequence similarities strongly suggest that the
Azospirillum genes also encode a multifunctional
ATP sulfurylase/APS kinase protein complex that
will be activated by GTP. The striking similarities
between these Gram-negative organisms suggest
that GTP-dependent stimulation of sulfate activa-
tion may be widespread among these species.

VIl. ENZYMOLOGY OF THE SULFATE-

.ACTIVATING ENZYMES

A. ATP Sulfurylase

Although ATP sulfurylase (EC 2.7.7.4.
ATP:sulfate adenylyltransferase) has been puri-
fied, or partially purified, from a wide variety of
sources,!”#-1% only the P. chrysogenum and rat
liver enzymes have been mechanistically charac-
terized in detail. The P. chrysogenum enzyme is
a hexamer of identical ~69 kDa subunits. Initial
velocity kinetic work, including product and dead-
end inhibition studies, and ligand-binding mea-
surements suggest that ATP and SO, add ran-
domly to the enzyme; APS and PP; add in a
preferred order with APS binding first (see Figure
12).10102 The rat liver enzyme appears to be a
dimer of 62-kDa subunits. Its mechanism is the

FIGURE 12. The chemical mechanism of ATP sulfurylase purified from P. chrysogenum.
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same as that of the P. chrysogenum enzyme.'®
The stereochemical course of the reaction cata-
lyzed by the ATP sulfurylase purified from yeast
has been determined. It proceeds with inversion
of stereochemistry at the a-phosphoryl moiety,
suggesting that the reaction follows an in-line
nucleophilic attack by SO, at the o-phosphoryl
group of ATP.103

When the Penicillium enzyme is treated with
any of several sulfhydryl reactive reagents, one
cysteine/subunit is modified. The modified en-
zyme behaves as though a K-type allosteric effec-
tor is bound to it (K-type effectors modify K,,, not
V) '® ATP and sulfate bind to the modified
enzyme in a positive cooperative fashion result-
ing in sigmoidal plots of velocity vs. substrate
concentration. Segel and co-workers,!% respon-
sible for all of the work done with the Penicillium
enzyme, propose a minimal two-site model to
explain this allostery in which the hexameric en-
zyme behaves as a trimer of noninteracting dimers
— substrate binding to one subunit of a given
dimer only influences binding to the other subunit
of that same dimer. Alternative models are dis-
cussed elsewhere.

The allosteric behavior prompted a search for
possible in vivo allosteric regulators. PAPS was
found to mimic the effects of the sulfhydryl modi-
fication. The apparent K; for PAPS ranges from
~35-200 uM over a presumed physiological range
of ATP and sulfate concentrations.!® A compari-
son of PAPS inhibition among enzymes purified
from fungal and nonfungal sources suggests that
the allosteric regulation may be unique to fila-
mentous fungi.!%

B. APS Kinase

APS kinase (MgATP:APS 3’-phosphotrans-
ferase, EC 2.7.1.25) catalyzes the transfer of the
v-phosphoryl group of ATP to the 3’ position of
the APS ribose ring, yielding PAPS (phosphory-
lated APS) and ADP (see Reaction 9).

APS + ATP «— PAPS + ADP &)

This reaction requires divalent, not monovalent,
cations. Because APS kinase does not catalyze
formation of the high-energy phosphoric-sulfuric

acid anhydride bond, which is the chemical basis
of sulfate activation, it does not formally activate
sulfate; yet, it is ubiquitous in organisms that
carry out assimilatory sulfate reduction. Although
the metabolic use of this kinase is not yet clear,
the enzyme does use chemical potential of the
B-y-bond of ATP to drive PAPS, or activated
sulfate, synthesis. Although at the outset this seems
useful, PAPS is believed to be toxic; in this case,
too much of a good thing could prove ruinous.!07.108
APS kinase has been purified to apparent ho-
mogeneity from P. cyrysogenum,'® E. coli,'® rat
liver,!’9 and rat chondrosarcoma.®® The E. coli
enzyme is a dimer of identical 21-kDa subunits
that forms a tetramer when it is phosphorylated.
The native P. chrysogenum enzyme, 60-kDa, is
composed of identical 30-kDa subunits. The mo-
lecular masses reported for the rat liver and
chondrosarcoma enzymes are complicated because
of protein aggregation.
The kinetic mechanisms of the E. coli and
P. chrysogenum APS kinases are well character-
ized (see Figure 13 and Table 4). The E. coli
enzyme is well adapted to handling the low irn vivo
concentrations of APS. It is an extremely efficient
catalyst, PAPS formation is rate limited by reac-
tant diffusion and the K for APS is quite low,
<250 nM.!® Both mechanisms are ordered in sub-
strate addition and product release; ATP binds
first, ADP releases last. The mechanisms differ
sharply on two principle counts: (1) the mode of
APS inhibition and (2) the nature of the chemical
steps.!®!11 Although potent substrate inhibition of
APS kinase has often been noted, its mechanistic
basis has rarely been pursued. This is due, in part,
to the technical obstacles associated with devel-
oping assays that operate at the low, subinhibitory,
concentrations of APS. Kinetic and ligand bind-
ing studies suggest that a dead-end E-APS-ADP
complex causes the inhibition of the P. chryso-
genum enzyme. The E. coli enzyme, however, is
inhibited by formation of a binary, E-APS, com-
plex. Perhaps a more fundamental difference be-
tween these mechanisms is that a covalent E~P
intermediate, believed to be essential for PAPS
synthesis, is detected in the E. coli enzyme but not
in the P. chrysogenum APS kinase. This modi-
fication, which occurs at serine-109, is stable. It
can be isolated in a 1:1 complex with the enzyme
and subsequently reacted with APS to form
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ATP APS PAPS ADP
E E-ATP (EATP-APS == E-P-ADPAPS == E-ADP-PAPS) E-ADP E
APS

E~P-ADP E~P E-P-APS —~— E:PAPS PAPS

E-APS
ADP APS
B
ATP APS PAPS ADP
E E-ATP ‘(E'ATP'APS:E-ADP-PAPS) E-ADP E
APS
E-ADP-APS

FIGURE 13. The chemical mechanism of APS kinase from (Panel A) E. coli and (Panel B) P. chrysogenum.

Table 4
Kinetic Constants for APS Kinase Isolated from E. coff and P.
chrysogenum
Source of APS kinase
E. coll P. chrysogenum

Kinetic constant Value
Forward reaction

K, APS ~0.25 (uM) 1.4 (uM)

K, APS 0.4 (uM) 23 (uM)

K. ATP 10 (uM) 1500 (uM)

Ve (forward) 153 (umol/min/mg) 39 (umol/min/mg)

Keat 54 g 19 -t

KoK APS 2.2 M g7 (x 108) 0.14 M s (x 10%)
Reverse reaction

K., ADP 130 (uM) <<560 (uM)

K, PAPS 370 (uM) 8 (M)

Vo (reverse) 0.63 (pmol/min/mg) 0.16 (umol/min/mg)

Keat 0.22 s 0.078 s
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PAPS.!12 Interestingly, the aggregation of the
enzyme depends on its phosphorylation. The E~P
enzyme is dimeric; the dephosphorylated species
is a tetramer. The preferred kinetic mechanism of
the E. coli enzyme is determined by the relative
rates of APS addition and ADP release. The E. coli
enzyme displays sequential or ping-pong behav-
ior, depending on whether the concentration of
APS is high enough to bind and react with
E~P-ADP quickly compared with ADP release. If
ADP release is slow, sequential profiles are
observed; fast release results in ping-pong kinetics.

VIll. MAMMALIAN SIGNIFICANCE

3’-Adenosine 5’-phosphosulfate (PAPS) is the
only known sulfuryl group donor in mammalian
metabolism. In the transfer reactions, the ~SO,
moiety is covalently attached to carbohydrate
hydroxyls or protein tyrosine residues. Sulfation
is an extremely widespread modification. The
transfer is catalyzed by the class of enzymes known

Table 5

as the PAPS sulfotransferases. Table 5 presents a
list of metabolites for which the functional conse-
quences of sulfation are known. The sulfation of
small molecules often acts as a switch to toggle
“on” or “off”, or otherwise change, the function
of the molecule. Sulfation of proteins is known to
promote protein-protein association; in which case,
the modification occurs at a tyrosine(s) at the
interface of the associating proteins. In the major-
ity of cases, the function of sulfation has not been
investigated. There are many recent articles and
reviews dealing with the importance of sulfation
in mammalian metabolism.>!2>-132 Here we have
selected a few detailed examples that demonstrate
the ways in which sulfation is used to regulate
metabolism.

A. Sulfation Occurs in the Trans-Golgi
The posttranslational maturation of proteins

synthesized at the rough endoplasmic reticulum
begins there and continues as the proteins are

Compounds with Functionally Significant -SO,-

Modifications

Compound(s)

Catecholamine neurotransmitters
Epinephrine
Norepinephrine

Opiate hormone
Leu-enkephalin

Peptide hormones
Gastrin
Cholecystokinin

Steroid hormone
Estrogen

Hemostasis

Factor VIl (antihemophilic factor)

Hirudin (anticoagulant)
Heparin
Dermatin sulfate
Immune system
Complement C4
Connective tissue
Heparin sulfate
Therapeutic drugs
Minoxidil
CRE 10904 (antihypertensive)

Activation (+)
inactivation (-) Ref.

=) 113
= 113

=) 114
(+) 115
(+) 116
) 117
(+) 118
(+) 119
(+) 120
(+) 121
(+)

(+) 122
(+) 123
+) 124
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vesicularly transported to and through the cis-,
medial-, and trans-cisternae of the Golgi appara-
tus.!3 These modifications are compartmental-
ized within the Golgi cisternae. Sulfation of ty-
rosine residues is among the last modifications to
occur, prior to passage from the trans-Golgi.!*
This reaction, represented by Reaction 10, is cata-
lyzed by the enzyme tyrosine protein sulfo-
transferase (TPST).

protein - tyr+ PAPS «—— PAP+ protein - tyr - SO,
(10)

TPST has been purified to apparent homogene-
ity from Golgi-enriched membranes of the bo-
vine adrenal medulla.!3 It is a sialylated, inte-
gral membrane protein of subunit molecular
weight of 50-54 kDa. The activity of the en-
zyme requires Mg?* and is optimal at a slightly
acidic pH (pH = 6), the pH of the trans-Golgi
cytoplasm. The apparent K, for PAPS is 1.4 uM;
for native protein substrates, it is in the vicinity
of 20 uM. The active site of TSPS is luminally
oriented in the trans-cisternae. Amino acid se-
quence comparisons of the tyrosine sulfate re-
gions of a number of proteins has resulted in a
tyrosine sulfation consensus sequence.!3¢ The
fact that acidic residues often flank tyrosine
sulfate suggests that this may be an important
requirement for substrate recognition and ca-
talysis. Studies using purified TPST and syn-
thetic peptides confirm that these residues are
indeed functionally important.!3’

B. The Metabolic Importance of
Sulfation In Hemostasis

1. Heparin Cofactor Il and Antithrombin Il

Heparin cofactor II (HCII) and antithrombin
IIT are members of the serpine (serine protease
inhibitor) superfamily.!3® They are both suicide
inhibitors of thrombin, the protease that initiates
blood clot formation by converting fibrinogen to
fibrin.'* HCII is an extremely potent and spe-
cific inhibitor of thrombin (K; = 20 x 10-15).1?
Antithrombin III inhibits thrombin as well as
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many other proteases in the clotting cascade.
The rate of inactivation of thrombin by HCII is
stimulated ~1000-fold by the sulfated glycosami-
noglycans heparin and dermatan sulfate.!¥ HCII
is a glycoprotein with an acidic amino terminus
that contains tyrosine sulfate residue.'*! The se-
quence of this amino terminus is similar to that
of hirudin, a leech anticoagulant, the most potent
thrombin inhibitor known.!*? Sulfation of hiru-
din at tyrosine 63 results in a 10-fold increase in
its inhibitory potency.!’® The structure of the
thrombin-hirudin complex has provided a basis
for understanding the mechanism of inhibition
as well as for the functional role of the tyrosine
sulfate. Hirudin is a 65 AA protein. Its struc-
ture in a cocrystal with thrombin displays a
disulfide-linked, globular N-terminus positioned
at the thrombin-active site and a highly acidic,
extended C-terminus.!#3!# This C-terminus lies
in a 40-50 A structural groove of thrombin that
is lined with basic amino acid residues, the so-
called exosite I binding site of thrombin. Be-
cause of the difficulties associated with obtain-
ing the native, sulfated hirudin, these structures
were of the recombinant, unsulfated hirudin/
thrombin complex. Recently, the structure of
thrombin complexed to a tyrosine sulfate con-
taining peptide that corresponds to the acidic C-
terminus of hirudin has been determined. The
structure of the sulfated tail shows that the sul-
furyl group interacts with the protein predomi-
nantly through a hydrogen-bonding network;
there are no counterion salt linkages directly to
the sulfate.

2. Heparin

Heparin is a sulfated glycosaminoglycan found
almost exclusively in the intracellular granules of
the mast cells in the lining of arterial walls.!! It
is released through injury and is an important
regulatory agent in the prevention of blood clot-
ting.!* Heparin binding to antithrombin II (ATIIT)
stimulates the rate of ATIII inactivation of throm-
bin and factor Xa. Factor Xa, or Stuart factor,
proteolytically converts prothrombin, the inactive
precursor of thrombin, to thrombin.'* The impor-
tance of the heparin sulfuryl moieties in acceler-
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ating this inhibition has been studied in detail. A
specific heparin-derived tetramer appears to be
the minimum oligosaccharide competent to bind
ATIII and stimulate inhibition of factor Xa.!4
Inhibition of thrombin requires a larger ~16-mer
fragment, which contains the tetramer. The longer
fragment appears necessary to tether thrombin to
ATIII, thereby stimulating inhibition by promot-
ing the association of the two.!6 Regiospecific
incorporation of sulfuryl groups into synthetic
tetramers allows assessment of the contribution
of these individual groups to the tetramers ability
to bind to and activate ATIIL.'4” The results of
this study are summarized in Figure 14. The
sulfuryl moieties, enclosed in boxes, are the
major binding determinants of the tetra-
saccharide. Molecular modeling studies based
on the crystal structure of dermatin sulfate pre-
dict that these sulfuryl groups will be aligned in
the same face of the heparin helix.!4814° Inter-
estingly, the Gibbs potential of these groups
alone is significantly greater than that for the
entire tetramer, suggesting that they may inter-
act in binding to ATIII and that some fraction
of their combined potential is used to stabilize
an ATIII conformational change.!?® The
conformationally induced fluorescence change
that occurs on binding of the tetramer to ATIII
is strongly suppressed by the loss of either of
the two sulfuryl moieties.#’

3. Factor Vil (Antihemophilic Factor)

One in 5000 humans suffers from hemophilia
A, a bleeding disorder that often arises from point
mutations or deletions that inactivate factor VIII
— they can be treated by intravenous injections
of normal factor VIIL.!3° Factor VIII, or antihemo-
philic factor, stimulates the proteolytic activation
of factor X by factor IXa by three orders of mag-
nitude.’®! Factor VI is itself activated by spe-
cific proteolytic cleavages by thrombin and/or
factor Xa; further digestion results in its inactiva-
tion.!’2133 Thus, only certain intermediates in the
proteolytic pathway are the active cofactors. In
serum, factor VIII is tightly, noncovalently bound
to von Willebrand factor, a large glycoprotein
involved in the adhesion of platelets to injured
cell walls. The half-life of factor VIII in plasma is
reduced 10- to 20-fold if it is not complexed to the
von Willebrand factor and shows little ability to
stop bleeding in dogs that are von Willebrand
deficient.!>

Factor VIII contains approximately 5 tyrosine
sulfate/mol.!’® One of these, at position 1680,
maps to an acidic region of the factor that is
important for its interaction with the von
Willebrand protein. If the sulfuryl group is re-
moved from tyrosine 1680, or if the tyrosine is
replaced by a phenylalanine, binding to von
Willebrand factor appears to be completely abol-

AG = -3.7 kcal/mole

/

AG (eyramer = -6.8 kcal/mole

Coo’ CH,0805

AG = -5.1 kcal/mole

FIGURE 14. The minimum antithrombin Ili-binding heparin fragment (iduronic acid — N-acetylglucosamine 6-O-
sulfate — glucuronic acid — glucosamine 3-N, 6-O disulfate). The Gibbs potential is given for the association of the
tetramer with antithrombin Ii} and for the binding contribution of each of the important sulfuryl groups.
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ished.''® Point mutations that substitute amino
acids for tyrosine 1680 are known to result in a
severe form of hemophilia A. Thus, the sulfuryl
group appears to be a chemical linchpin in the
factor VIII/von Willebrand interaction. Its ab-
sence likely results in accelerated proteolytic
degradation of factor VIII, the consequence of
which is hemophilia. In this case, tyrosine
sulfation acts both to promote protein/protein
interactions and to kinetically regulate protein
degradation.

C. Sulfuryl Modification in Neuronal
Protein Transport

Neuronal protein synthesis occurs primarily
in the cell body or perikaryon.!315 The axon of
the cell, thousands of times the length of the
perikaryon and hundreds of times its volume; is
devoid of ribosomes and relies virtually entirely
on the perikaryonic activity for its protein comple-
ment. The transport of proteins, organelles, and
other metabolites from the cell body toward the
axon and presynaptic termini, so-called antero-
grade axonal transport, is catagorized as either
fast or slow, according to the velocity at which
the materials are transported. Fast transport oc-
curs at 250400 mm/day, whereas the slowly
transported material progresses along the axon
at 1-5 mm/d. Each category has been subclassi-
fied on the basis of differences in the rate of
progression of different materials within a given
transport.

The composition of the fast and slow trans-
port differs markedly.!’ The synthesis and
transport of these proteins is dramatically in-
creased during axonal regeneration following
trauma,!3”158 The fast transport consists pri-
marily of membranous organelles, including
the smooth endoplasmic reticulum, vesicles (in-
cluding synaptic vesicles), acetylcholine-con-
taining structures, and mitochondria. In con-
trast, the slow transport contains largely
cytoplasmic proteins, neurofilaments, and tu-
bulin.!*¢ The sulfation of the fast transport com-
ponents has been studied.!**'6! The majority of
fast transport proteins are sulfated; the modifi-
cation is found either on a glycosyl moiety or
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tyrosine residue. The sulfotyrosine proteins
comprise a group of acidic, low-molecular-
weight (15-25 kDa) species, many of which
appear to be secretable proteins destined for the
presynaptic termini; others are more likely in-
tegral membrane-bound proteins. These obser-
vations may provide a mechanistic clue as to
the targeting of proteins for the fast transport
and/or the synaptic terminus.

IX. SUMMARY

Although much is known about the metabolic
importance of activated sulfate, there are far more
questions than answers in this field. The area of
tyrosine sulfation continues to catalogue previ-
ously unidentified proteins that are sulfated at
tyrosine. In the majority of these cases, we do not
yet understand the function of the sulfation. When
it has been investigated, tyrosine-sulfation has
proven a novel and critical regulatory modifica-
tion. Today, it is an easy task to scan the sequence
of a protein of interest for a tyrosine-sulfation
consensus sequence. This seems a prudent exer-
cise for any protein but’ particularly for those
processed in the Golgi, where the modification
occurs. Similarly, the carbohydrate sulfation field
is rife with opportunity. There are many impor-
tant sulfate carbohydrates for which the func-
tional consequences of the sulfation are not yet
understood.

In the area of energetics there is much to do.
The recent findings that GTP hydrolysis is ther-
modynamically and kinetically coupled to APS
synthesis dramatically alters our understanding of
the thermodynamics and regulation of this path-
way. The first step in sulfate activation, a step that
must occur for an organism to assimilate sulfate,
has gone from extremely energetically unfavor-
able to very reasonable. This connection must be
pursued; to understand it, the mechanism of the
enzyme must be worked out. This will reveal the
chemical events that couple these reactions and
may well provide an important paradigm for the
general problem of energetic coupling and, more
specifically, for the GTPase activation of target
enzymes. It is also important to address the uni-
versality of this phenomenon. To date, we know
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that it occurs in several Gram-negative bacteria.
As more sequences become available, we can
hope to trace the evolutionary lineage of what
seems likely to be an acquired functional adapta-

tion.
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