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Chapter 9: Phosphate transfer reactions

Chapter 9

Phosphate transfer reactions

Mono Lake, California
(photo credit https://www.flickr.com/photos/slolane/)

Introduction

This chapter is about the chemistry of phosphates, a ubiquitous functional group
in biomolecules that is based on phosphoric acid:

i
HO—I|3—OH

OH
phosphoric acid

In late 2010, people around the world found themselves getting a crash course in
phosphate chemistry as they watched the evening news. Those who paid close
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attention to the developing story also got an interesting glimpse into the world of
scientific research and debate.

It all started when the American National Aeronautics and Space Administration
(NASA) released the following statement to the news media:

“‘NASA will hold a news conference at 2 p.m. EST on Thursday, Dec. 2, to
discuss an astrobiology finding that will impact the search for evidence of
extraterrestrial life.”

The wording of the statement attracted widespread media attention and had some
people holding their breath in anticipation that NASA would be introducing a newly
discovered alien life form to the world. When December 2" came, however, those
hoping to meet ET were disappointed — the life form being introduced was a
bacterium, and it was from our own planet. To biologists and chemists, though, the
announcement was nothing less than astounding.

The NASA scientists worked hard to emphasize the significance of their discovery
during the news conference. Dr. Felicia Wolfe-Simon, a young postdoctoral
researcher who had spearheaded the project, stated that they had “cracked open
the door to what's possible for life elsewhere in the universe - and that's profound".
A senior NASA scientist claimed that their results would "fundamentally change
how we define life", and, in attempting to convey the importance of the discovery
to a reporter from the newspaper USA Today, referred to an episode from the
original Star Trek television series in which the crew of the Starship Enterprise
encounters a race of beings whose biochemistry is based on silica rather than
carbon.

The new strain of bacteria, dubbed 'GFAJ-1', had been isolated from the arsenic-
rich mud surrounding salty, alkaline Mono Lake in central California. What made
the strain so unique, according to the NASA team, was that it had evolved the
ability to substitute arsenate for phosphate in its DNA. Students of biology and
chemistry know that phosphorus is one of the six elements that are absolutely
required for life as we know it, and that DNA is a polymer linked by phosphate
groups. Arsenic, which is directly below phosphorus on the periodic table, can
assume a bonding arrangement like that of phosphate, so it might seem
reasonable to wonder whether arsenate could replace phosphate in DNA and other
biological molecules. Actually finding a living thing with arsenate-linked DNA would
indeed be a momentous achievement in biology, as this would represent a whole
new chemistry for the most fundamental molecule of life, and would change our
understanding of the chemical requirements for life to exist on earth - and
potentially other planets.

In 1987, Professor F.H. Westheimer of Harvard University published what would
become a widely read commentary in Science Magazine entitled “Why Nature
Chose Phosphates”. In it, he discussed the chemical properties that make the
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phosphate group so ideal for the many roles that it plays in biochemistry, chief
among them the role of a linker group for DNA polymers. One of the critical
characteristics of phosphate that Westheimer pointed out was that the bonds
linking phosphate to organic molecules are stable in water. Clearly, if you are
selecting a functional group to link your DNA, you don't want to choose one that
will rapidly break apart in water. Among the functional groups that Westheimer
compared to phosphate in terms of its suitability as a potential DNA linker was
arsenate —but he very quickly dismissed the idea of arsenate-linked DNA because
it would be far too unstable in water.

Given this background, it is not hard to imagine that many scientists were puzzled,
to say the least, by the NASA results. While the popular media took the
announcement at face value and excitedly reported the results as a monumental
discovery — NASA is, after all, a highly respected scientific body and the study was
being published in Science Magazine, one of the most prestigious scientific
journals in the world — many scientists quickly voiced their skepticism, mainly in
the relatively new and unconstrained venue of the blogosphere. Microbiologist
Rosie Redfield of the University of British Columbia, writing in her blog devoted to
'open science', wrote a detailed and highly critical analysis of the study. She
pointed out, among other things, that the experimenters had failed to perform the
critical purification and mass spectrometry analyses needed to demonstrate that
arsenate was indeed being incorporated into the DNA backbone, and that the broth
in which the bacteria were being grown contained enough phosphate for them to
live and replicate using normal phosphate-linked DNA. Science journalist Carl
Zimmer, in a column in the online magazine Slate, contacted twelve experts to get
their opinions, and they were overwhelmingly negative. One of the experts said
bluntly, “This paper should not have been published". Basically, the NASA
researchers were making an astounding claim that, if true, would refute decades
of established knowledge about the chemistry of DNA — but the evidence they
presented was far from convincing. Carl Sagan's widely quoted dictum -
‘extraordinary claims require extraordinary evidence” - seemed to apply
remarkably well to the situation.

What followed was a very public, very lively, and not always completely collegial
debate among scientists about the proper way to discuss science: the NASA
researchers appeared to dismiss the criticism amassed against their study
because it came from blogs, websites, and Twitter feeds. The proper venue for
such discussion, they claimed, was in the peer-reviewed literature. Critics
countered that their refusal to respond to anything outside of the traditional peer-
review system was disingenuous, because they had made full use of the publicity-
generating power of the internet and mainstream media in the first place when they
announced their results with such fanfare.

The traditional venue for debate, while quite a bit slower than the blogosphere, did
eventually come through. When the full paper was published in Science a few
months later, it was accompanied by eight 'technical comments' from other
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researchers pointing out deficiencies in the study, an 'editors note', and a broader
news article about the controversy. In July of 2012, a paper was published in
Science under the title “GFAJ-1 Is an Arsenate-Resistant, Phosphate-Dependent
Organism”. The paper reported definitive evidence that DNA from GFAJ-1, under
the conditions described in the NASA paper, did not have arsenate incorporated
into its structure. Just like Professor Westheimer discussed in the 1980s, it appears
that nature really did choose phosphate — and only phosphate — after all at least
on this planet.

Background reading and viewing:

Youtube video of the NASA press conference:
http://www.youtube.com/watch?v=WVuhBt03z8g.

Wolfe-Simon, F. et al. Science Express, Dec 2, 2010. The first preview article on
the proposed 'arsenic bacteria'.

Wolfe-Simon, F. et al., Science 2011, 332, 1163. The full research paper in
Science Magazine.

Westheimer, F.H. Science 1987, 235, 1173. The article by Westheimer titled 'Why
Nature Chose Phosphates'.

Zimmer, Carl, Slate, Dec 7, 2010: Blog post by Carl Zimmer titled 'This Paper
Should Not Have Been Published'.

http://www.slate.com/articles/health_and_science/science/2010/12/this_paper_sh
ould_not_have been_published.html

Redfield, R. Blog post Dec 4, 2010:
http://rrresearch.fieldofscience.com/2010/12/arsenic-associated-bacteria-

nasas.html

Science 2012, 337, 467. The paper in Science Magazine refuting the validity of the
arsenic bacteria claim.
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Learning Outcomes

- Describe, in words and pictures, the tetrahedral sp3-d bonding picture for
the phosphorus atom of a phosphate group. Even though the geometry is
not always shown in every drawing, always keep in mind that the phosphate
group is tetrahedral.

- Draw resonance contributors for different phosphate groups, identify major
versus minor contributors, and explain why some are major and some are
minor.

- Explain how ATP acts as a phosphate group donor, and why such reactions
are thermodynamically favorable.

- Predict the result of nucleophilic attack at the alpha, beta, or gamma
phosphates of ATP.

- Draw a curved-arrow mechanism for reactions in which ATP acts as a
phosphate group donor in the phosphorylation and/or diphosphorylation of
an alcohol.

- Recognize the distinctions between the three mechanistic models for
phosphate transfer reactions - concerted, addition-elimination, and
elimination-addition - and know that the concerted model probably most
closely describes biochemical reactions

Section 9.1: Overview of phosphate groups

Phosphate is everywhere in biochemistry. As we were reminded in the introduction
to this chapter, our DNA is linked by phosphate:

9.1.1

o)

DNAILQ o

H
YN o
N\I
ZCH,4

The function of many proteins is regulated - switched on and off - by enzymes
which attach or remove a phosphate group from the side chains of serine,
threonine, or tyrosine residues.
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9.1.2
~ //o
o'P\o S)
©
protei protein _ protei protein
rf( N I}( N
|
tyrosine residue phosphotyrosine residue

Countless diseases are caused by defects in phosphate transferring enzymes. As
just one example, achondroplasia, a common cause of dwarfism, is caused by a
defect in an enzyme whose function is to transfer a phosphate to a tyrosine residue
in a growth-related signaling protein.

Finally, phosphates are excellent leaving groups in biological organic reactions, as
we will see many times throughout the remainder of this book.

Clearly, an understanding of phosphate chemistry is central to the study of
biological organic chemistry. We'll begin with an overview of terms used when
talking about phosphates.

9.1A: Terms and abbreviations

The fully deprotonated conjugate base of phosphoric acid is called a phosphate
ion, or inorganic phosphate (often abbreviated 'P/). When two phosphate groups
are linked to each other, the linkage itself is referred to as a '‘phosphate
anhydride’, and the compound is called ‘inorganic pyrophosphate' (often
abbreviated PP)).

9.1.3
o] o]
1l n o 1 1
HO—I—OH eO—I—O eO—I— —l—Oe
OH o0 o0 %o
phosphoric acid inorganic phosphate (P;) inorganic pyrophosphate (PP;)

The chemical linkage between phosphate and a carbon atom is a phosphate
ester. Adenosine monophosphate (AMP) has a single phosphate ester linkage.
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9.1.4
NH,
NN
0 ¢
eo_.l._ N N/)
o0
HO  OH

adenosine monophosphate (AMP)

Adenosine triphosphate has one phosphate ester linkage and two phosphate
anhydride linkages.

9.15
NH,
NN
O o0 o© 4
eo_lll_ _|I|_ _|I|_ o <N IN/)
o &° &°
HO — OH

adenosine triphosphate (ATP)

Oxygen atoms in phosphate groups are referred to either as 'bridging' or ‘non-
bridging', depending on their position. An organic diphosphate has two bridging
oxygens (one in the phosphate ester linkage and one in the phosphate anhydride
linkage) and five non-bridging oxygens:

9.1.6
(o] o
@0_;:'_ _|':'_ = bridging oxygen
o .0 'R blue = non-bridging oxygen
S S

A single phosphate is linked to two organic groups is called phosphate diester.
The backbone of DNA is linked by phosphate diesters.
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9.1.7

DNA }“ O o Base

/R‘] Lg

~

|
O=P- 1

1\ —D_
Q0 R2 o=P o
S)e} KQ,Base
phosphate diester \

HO'

Organic phosphates are often abbreviated using 'OP' and 'OPP' for mono- and
diphosphates, respectively. For example, glucose-6-phosphate and isopentenyl
diphosphate are often depicted as shown below. Notice that the 'P' abbreviation
includes the associated oxygen atoms and negative charges.

3.1.8
n o
=
o) ©
HO oH _ HO o)
HO » HO OH
© OH

glucose-6-phosphate

isopentenyl diphosphate © ©
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Exercise 9.1: Consider the biological compounds below, some of which are shown
with abbreviated structures:

PO OH . PPPO 0 N\( H
- ® 0
HO" OP HsN \__/ O

OH o) <

OH OH
I I I
NH,
N BN
</ N
O HO CH,4 /

)W HO
©0 OPP

a) Which contain one or more phosphate anhydride linkages? Specify the number
of phosphate anhydride linkages in your answers.

b) Which contain one or more phosphate monoesters? Again, specify the number
for each answer.

c) Which contain a phosphate diester?
d) Which could be described as an organic diphosphate?

e) For each compound, specify the number of bridging and non-bridging oxygens
in the phosphate group.

9.1B: Acid constants and protonation states

Phosphoric acid is triprotic, meaning that it has three acidic protons available to
donate, with pKa values of 2.1, 7.2, and 12.3, respectively.
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9.1.9
(I)I ®) 1l (I)I 1 &)
—O—I'i’—OH O—IID—OH eO—IID—O— eO—IT—O
OH , Op Op
phosphoric acid
Hs;PO, H,PO," HPO,* PO,%
pK, = 2.1 pK, =72 pK, =123

These acid constant values, along with the Henderson-Hasselbalch equation
(section 7.2C) tell us that, at the physiological pH of approximately 7, somewhat
more than half of the phosphate species will be in the HPO4? state, and slightly
less than half will be in the H,PO4™ state, meaning that the average net charge is
between -1.5 and -2.0.

Phosphate diesters have a pKa of about 1, meaning that they carry a full negative
charge at physiological pH.

9.1.10
R‘I R1
) _ - 4
o=p-q T 0=p-0
.0 R? ©0 R?
phosphate diester dominant form at physiological pH
PK, ~ 1.0 bears a negative charge

Organic monophosphates, diphosphates, and triphosphates all have net negative
charges and are partially protonated at physiological pH, but by convention are
usually drawn in the fully deprotonated state.

Exercise 9.2: Explain why the second pKa of phosphoric acid is so much higher
than the first pKa.

Exercise 9.3: What is the approximate net charge of inorganic phosphate in a
solution buffered to pH 1?

Recall from section 8.4 that good leaving groups in organic reactions are, as arule,
weak bases. In laboratory organic reactions, leaving groups are often halides or
toluenesulfonates (section 8.4), both of which are weak bases. In biological
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organic reactions, phosphates are very common leaving groups. These could
be inorganic phosphate, inorganic pyrophosphate, or organic monophosphates, all
of which are weakly basic, especially when coordinated to metal cations such as
Mg*? in the active site of an enzyme. We will see many examples of phosphate
leave groups in this and subsequent chapters.

9.1C: Bonding in phosphates

Looking at the location of phosphorus on the periodic table, you might expect it to
bond and react in a fashion like nitrogen, which is located just above it in the same
column. Indeed, phosphines - phosphorus analogs of amines - are commonly
used in the organic laboratory.

9.1.1

HsCY'¢ ~CHy HsCY'¢ ~CHy
H;C H;C
trimethylamine trimethylphosphine

However, it is in the form of phosphate, rather than phosphine, that phosphorus
plays its main role in biology. The four oxygen substituents in phosphate groups
are arranged about the central phosphorus atom with tetrahedral geometry,
however, there are a total of five bonds to phosphorus - four sigma bonds and one
delocalized 11 bond.

9.1.12
i o
o-I~ O -—> 0-, X0
o 00
3-
f \ (I) hosphate i
o o _ i phosphate is
(|) (I) o— /e ~0 tetrahedral!
@ ’
0] 07, ~0®
o © ©
o]

Phosphorus can break the 'octet rule' because it is on the third row of the periodic
table, and thus has d orbitals available for bonding. The minus 3 charge on a fully
deprotonated phosphate ion is spread evenly over the four oxygen atoms, and
each phosphorus-oxygen bond can be considered to have 25% double bond
character: in other words, the bond order is 1.25.
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Recall from section 2.1 the hybrid bonding picture for the tetrahedral nitrogen in an
amine group: a single 2s and three 2p orbitals combine to form four sp® hybrid
orbitals, three of which form sigma bonds and one of which holds a lone pair of
electrons.

9.1.13
Nitrogen sp? hybridization

EEEE gy

. lone pair
20, 20, 2, cor?::me . . . .

2s N

e

unhybridized atomic orbitals hybridized atomic orbitals / ~

In the hybrid orbital picture for phosphate ion, a single 3s and three 3p orbitals also
combine to form four sp? hybrid orbitals with tetrahedral geometry. In contrast to
an amine, however, four of the five valance electrons on phosphorus occupy sp®
orbitals, and the fifth occupies an unhybridized 3d orbital.

9.1.14

Phosphorous sp3 hybridization

[]
[0 [ [ 3% combire . oin . ] 7
20, 2p, 2p, sp3  spd  spd 3dz
2s

unhybridized atomic orbitals

hybridized atomic orbitals

This orbital arrangement allows for four sigma bonds with tetrahedral geometry in
addition to a fifth, delocalized = bond formed by n overlap between the half-filled
3d orbital on phosphorus and 2p orbitals on the oxygen atoms.

In phosphate esters, diesters, and anhydrides the m bonding is delocalized
primarily over the non-bridging bonds, while the bridging bonds have mainly single-
bond character. In a phosphate diester, for example, the two non-bridging oxygens
share a -1 charge, as illustrated by the two major resonance contributors below.
The bonding order for the bridging P-O bonds in a phosphate diester group is about
1, and for the non-bridging P-O bonds about 1.5. In the resonance contributors in
which the bridging oxygens are shown as double bonds (to the right in the figure
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below), there is an additional separation of charge - thus these contributors are
minor and make a relatively unimportant contribution to the overall bonding picture.

9.1.15
o o® o® o®
Ry PO Re,, P RO_P_O <> R _P
~/ - > S - ~A= NS -
; \o ; \\o = \o I \0@
R’ R/ R’ R/ @

minor resonance contributors

major resonance contributors .
(separation of charge)

:(|) non-bridging O : significant double bond character
R~ /,P‘\*o@ : little double bond character
R/

Exercise 9.4: Draw all resonance structures showing the delocalization of charge
on a (fully deprotonated) organic monophosphate. If a 'bond order' of 1.0 is a single
bond, and a bond order of 2.0 is a double bond, what is the approximate bond
order of bridging and non-bridging P-O bonds?

Throughout this book, phosphate groups will often be drawn without attempting to
show tetrahedral geometry, and & bonds and negative charges will usually be
shown localized to a single oxygen. This is done for the sake of simplification -
however it is important always to remember that the phosphate group is
tetrahedral, the negative charges are delocalized over the non-bridging oxygens,
and there is some degree of protonation at physiological pH (with the exception of
the phosphate diester group).

Section 9.2: Phosphate transfer reactions - an overview

In a phosphate transfer reaction, a phosphate group is transferred from a
phosphate group donor molecule to a phosphate group acceptor molecule:

9.2.1
2 2
Ao V0@ + oA —= AgH o+ gy o\
(e/e) 0
phosphate donor phosphate acceptor
(contains electrophile (nucleophile)

and leaving group)
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A very important aspect of biological phosphate transfer reactions is that the
electrophilicity of the phosphorus atom is usually enhanced by the Lewis acid
(electron-accepting) effect of one or more magnesium ions. Phosphate transfer
enzymes generally contain a Mg?* ion bound in the active site in a position where
it can interact with non-bridging phosphate oxygens on the substrate. The
magnesium ion pulls electron density away from the phosphorus atom, making it
more electrophilic.

9.2.2
2+M | 2+M |
9. " SC
‘II 1l I'. NO)
eo\"l \ox eo\"l \0
o0 o0

Mg?2*+ coordination makes phosphorous more electrophilic

Without this metal ion interaction, a phosphate is a poor electrophile, as the
negatively charged oxygens shield the phosphorus center from attack by a
nucleophile.

Note: For the sake of simplicity and clarity, we will not draw the magnesium ion or
other active site groups interacting with phosphate oxygens in most figures in this
chapter - but it is important to keep in mind that these interactions play an integral
role in phosphate transfer reactions.

Mechanistically speaking, a phosphate transfer reaction at a phosphorus center
can be thought of as much like a Sn2 reaction at a carbon center. Just like in an
SN2 reaction, the nucleophile in a phosphoryl transfer approaches the electrophilic
center from the backside, opposite the leaving group:
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9.23
Concerted model
t
o s % & ;
O\ — | ot | - A
0 6o \o>\ RN fio’\'o@’r @o>\
H o) 00 0o
s ° N BH
R pentavalent transition state P
TS
A
TS
>
o
(0]
C
(J]
o R
o
P

reaction progress

As the nucleophile gets closer and the leaving group begins its departure, the
bonding geometry at the phosphorus atom changes from tetrahedral to trigonal
bipyramidal at the pentavalent (5-bond) transition state. As the phosphorus-
nucleophile bond gets shorter and the phosphorus-leaving group bond grows
longer, the bonding picture around the phosphorus atom returns to its original
tetrahedral state, but the stereochemical configuration has been 'flipped', or
inverted.

In the trigonal bipyramidal transition state, the five substituents are not equivalent:
the three non-bridging oxygens are said to be equatorial (forming the base of a
trigonal bipyramid), while the nucleophile and the leaving group are said to be
apical (occupying the tips of the two pyramids).

9.2.4

oo

pentavalent transition state

9-16
UCSD Chemistry & Biochemistry AY23-24



Chapter 9: Phosphate transfer reactions

Although stereochemical inversion in phosphoryl transfer reactions is predicted by
theory, the fact that phosphoryl groups are achiral made it impossible to observe
the phenomenon directly until 1978, when a group of researchers was able to
synthesize organic phosphate esters in which stable oxygen isotopes 7O and 80
were specifically incorporated. This created a chiral phosphate center.

9.2.5

O *
1709 _ 1706 _ 170@
R /‘E\ | ® F) |® & '@

[ 1 _» |R-O----F----0-R! > R a O 1
v /R \ o\ 180 + @o,R

180\"/ (o) K

160 é 180160 160@

) © 0
phosphate has phosphate has
S configuration R configuration

Subsequent experiments with phosphoryl transfer-catalyzing enzymes confirmed
that these reactions proceed with stereochemical inversion. (Nature 1978 275,
564; Ann Rev Biochem 1980 49, 877).

The concerted (Sn2-like) is not the only mechanism that has been proposed for
these reactions - in fact, two other possible mechanisms have been suggested. In
an alternative two-step mechanistic model, the nucleophile could attack first,
forming a pentavalent, trigonal bipyramidal intermediate (as opposed to a
pentavalent transition state). The reaction is completed when the leaving group is
expelled. The intermediate species would occupy an energy valley between the
two transition states.
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9.2.6

Addition-Elimination Mechanism

@@

@ 0 () 0 @ 0

R\ /\”) R1 R_OEI_KI\O_R1 R “' @ R1
) ©ovy ot T \ — "o \"0° * ©g-

o JH ® ©0 @ o0 Og 06
B:CD R pentavalent intermediate BH p
I
A TS,
TS,

>

o

3]

c

(0]

(0]

g

e I

R P

reaction progress

This is often referred to as an 'addition-elimination' mechanism - the nucleophile
adds to the phosphate first, forming a pentavalent intermediate, and then the
leaving group is eliminated.

An addition-elimination mechanism with a pentavalent intermediate is not possible
for an Sn2 reaction at a carbon center, because carbon, as a second-row element,
does not have any d orbitals and cannot form five bonds. Phosphorus, on the other
hand, is a third-row element and is quite capable of forming more than four bonds.
Phosphorus pentachloride, after all, is a stable compound that has five bonds to
chlorine arranged in trigonal bipyramidal geometry around the central phosphorus.

9.2.7

The phosphorus atom in PCIs (and in the hypothetical pentavalent intermediate
pictured above) is considered to be sp3d hybridized:
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Phosphorous sp3d hybridization

~ ;
~
<

[

3px 3py,  3p; sp3d sp3d sp3d sp3d sp3d
3s
unhybridized atomic orbitals hybridized atomic orbitals

There is a third possibility: the reaction could proceed in an Sn1-like manner: in
other words, elimination-addition. In this model, the phosphorus-leaving group
bond breaks first, resulting in a metaphosphate intermediate. This intermediate,
which corresponds to the carbocation intermediate in an Sn1 reaction and like a
carbocation has trigonal planar geometry, is then attacked by the nucleophile to

form the reaction product.

9.2.9

Elimination-Addition Mechanism

<|3| @ <|3| o)
P 11
. ,R1 —_— R\ @ + ,R1 e R\ 2Ny @
0y W D o5 Yo % o \0
0 (35 o H@ 90 © + 00
. taphosphat
B-@ M Rtemediate BH
R I P
A TS,
TS,
>
o
@
C
o
0
g
= I
R P

reaction progress

So which mechanistic model - concerted (Sn2-like), addition-elimination, or
elimination-addition - best describes enzymatic phosphate transfer reactions?
Chemists love to investigate and debate questions like this! Just like with the
Sn1/Sn2 argument discussed in chapter 8, it really boils down to one question:
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Which happens first, bond-forming or bond-breaking - or do these two events occur
at the same time? From the evidence accumulated to date, it appears that many
enzymatic phosphate transfer reactions can best be described by the concerted
model, although there is still argument about this, and still many unanswered
questions about other details of how these reactions are catalyzed in active sites.
Considering the importance of phosphate transfer reactions in metabolic
pathways, this area is clearly a very promising one for further investigation. If you
are interested in learning more about this research, a great place to start is a review
article written by Professor Daniel Herschlag at Stanford University (Annu. Rev.
Biochem. 2011, 80, 669). For the sake of simplicity and clarity, phosphoryl
transfers in this text will be depicted using the concerted model.

Exercise 9.5: Predict the approximate angles between the two bonds indicated in
a phosphate transfer transition state. O refers to an oxygen at the apical position,
and Oe to an oxygen in the equatorial position.

a) O,-P-O, b) O,-P-O. ¢)O.-P-O.

Section 9.3: ATP, the principal phosphate donor

Thus far we have been very general in our discussion of phosphate transfer
reactions, referring only to generic 'donor' and 'acceptor' species. It's time to get
more specific. The most important donor of phosphate groups in the cell is a
molecule called adenosine triphosphate, commonly known by its abbreviation
ATP.

9.3.1

NH,
N S
N
. 4
© 1l I ribose <Nf\/J base
______ \@/ A (adenine)
HO OH

adenosine triphosphate
(ATP)

Notice that there are essentially three parts to the ATP molecule: an adenine
nucleoside 'base', a five-carbon sugar (ribose), and triphosphate. The three
phosphates are designated by Greek letters alphaa, beta3, and gamma v, with the
alphaa phosphate being the one closest to the ribose. Adenosine diphosphate
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(ADP) and adenosine monophosphate (AMP) are also important players in the
reactions of this chapter.

ATP is a big molecule, but the bond-breaking and bond-forming events we will be
studying in this chapter all happen in the phosphate part of the molecule. You will
see structural drawings of ATP, ADP, and AMP abbreviated in many ways in this
text and throughout the biochemical literature, depending on what is being
illustrated. For example, the three structures below are all abbreviated depictions
of ATP:

9.3.2

11
————— 3 —ribose—A -P-0—ADP R B

The following exercise will give you some practice in recognizing different
abbreviations for ATP and other biological molecules that contain phosphate
groups.

Exercise 9.6: Below are several representations, labeled A-S, of molecules that
contain phosphate groups. Different abbreviations are used. Arrange A-S into
groups of drawings that depict the same species (for example, group together all
of the abbreviations which depict ATP).

9-21
UCSD Chemistry & Biochemistry AY23-24



Chapter 9: Phosphate transfer reactions
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You are probably familiar with the physiological role of ATP from your biology
classes - it is commonly called 'the energy currency of the cell'. What this means
is that ATP stores energy we get from the oxidation of fuel molecules such as
carbohydrates or fats. The energy in ATP is “stored” in the two high-energy
phosphate anhydride linkages.

9.3.3
o 9 % 9 _
O-P-0—P-0—P-0—ribose—A
1Y P |«
0% 0 %

the two phosphate anhydride linkages in ATP
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When one or both of these phosphate anhydride links are broken and a phosphate
group is transferred to an acceptor, a substantial amount of energy is released in
the overall process. The negative charges on the phosphate groups are separated,
eliminating some of electrostatic repulsion that existed in ATP. One way to picture
this is as a coil springing open, releasing potential energy.

9.3.4
0
R\o@ N R\o—"-o@
phosphate 1Y +
%o
acceptor
—_—
o 2 W Y. o @ ©
B2 o 20 2 e o 0—P-0-P-0O—ribose—A
0 H0 40O P
S S ©) @O @O
ATP ADP
phosphate donor
A
TS
Py repulsing charges in ATP have been separated
Q = results in an overall
o exergonic phosphate transfer!
3 R
P -

reaction progress

In addition, cleavage of a phosphate anhydride bond means that surrounding water
molecules are able to form more stabilizing hydrogen-bonding interactions with the
products than was possible with the starting materials, again making the reaction
more 'downhill’, or exergonic.

It is important to understand that while the phosphate anhydride bonds in ATP are
thermodynamically unstable (they contain a great deal of chemical energy), they
are at the same time kinetically stable: ATP-cleaving reactions are exothermic, but
also have a high energy barrier, making them very slow unless catalyzed by an
enzyme. In other words, the release of the energy contained in ATP is highly
energetic but also subject to tight control by the interaction of highly evolved
enzymes in our metabolic pathways.

ATP is a versatile phosphate group donor: depending on the site of nucleophilic
attack (at the o, B, or y phosphorus), different phosphate transfer outcomes are
possible. Below are the three most common patterns seen in the central metabolic
pathways. A 'squiggly' line in each figure indicates the P-O bond being broken. We
will study specific examples of each of these in the coming sections.
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9.3.5
Attack at the y-phosphate : Attack at the B-phosphate
/\ @ o o ' /\ @
—IIDO—B—O—“—O—r1bose A : o O—P—O— —O—P—O—r1bose A
ﬁ-%b v |B @ E H)@D 1B 1
9 % oo e Lo 00 b o
'(_D ‘Mé2+ : B@ @ ‘M92+
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\O—I Oe+90—PB—O—IT—O—r1bose A' TOo— |B_O_||DV_Oe+ O—IT(}(—O—ribose—A
+ 0 o o vt 0 o} o
BH S S © ' BY © S S
ADP . AMP

Attack at the a-phosphate

@
o ® ®N\g

o) O0-P—0-P—0—P-0—ribose—A
H)® c|>y (I)B Uo
0% %%
@ M92+

l

o 9.9 e r_ %

BH + O—I?V—O—ITB—O + O—Iu—o—rlbose—A
O@ O@ @O

PP;

The common thread running through all ATP-dependent reactions we will see in
this section is the idea that the phosphate acceptor molecule is undergoing a
thermodynamically 'uphill' transformation to become a more reactive species. The
energy for this uphill transformation comes from breaking a high-energy phosphate
anhydride bond in ATP. That is why ATP is often referred to as 'energy currency":
the energy in its anhydride bonds is used to 'pay for' a thermodynamically uphill
chemical step.

Exercise 9.7: Propose a fourth hypothetical phosphate transfer reaction between
ATP and the generic acceptor molecule in the figure above, in which inorganic
phosphate (Pi) is a by-product.
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Exercise 9.8: Why is this hypothetical phosphate transfer reaction less
energetically favorable compared to all the possible ATP-cleaving reactions shown
in the figure above?

0O acceptor

o
acceptor I I I ,
KOH + ATP —— eo—f—o—fuo—f—o + HO%H‘)OSG-A
O, O, O
© © ©

Section 9.4: Phosphorylation of alcohols

A broad family of enzymes called kinases catalyze transfer of a phosphate group
from ATP to an alcohol acceptor. Mechanistically, the alcohol oxygen acts as a

nucleophile, attacking the electrophilic gamma y-phosphorus of ATP and expelling
ADP.

Glucose is phosphorylated in the first step of the glycolysis pathway by the enzyme
hexose kinase (EC 2.7.1.1), forming glucose-6-phosphate.

9.4.1
RO e ®)
baseZ/* o)
0 2oL e
HCH)o OH 0o- Iy—o—I?B—o—ITa—O—ribose—A
OH 0 0O ~O0
glucose S) S) S)
ATP
/“-nl\oe l
o 7\09
r mEs
HO © & 95+ & fl) ﬁ .
HO OH O----P----O—P-0—-P-0O-ribose—A
OH - 00 0o '
glucose 6-phosphate 0 0% o°
+ HO
HO OH
(o] (o) L OH _
) 1l 1 .
O—P-O—P-O—ribose—A
1B | + base—
o9 o9
ADP

video tutorial
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Here is a shorthand way to depict this reaction. Notice the "ATP in, ADP out"
notation used below, indicating that ATP is one of the reactants and ADP is one of
the products. From here on, we will frequently use this common convention to
indicate reaction participants whose structures are not drawn out in a figure.

9.4.2
o ©
H. ATP ADP p°

H
A >

glucose base base-H glucose 6-phosphate

\
9 \_ / o®
"Ro OH - 0
/ HO™~ oH
©

The biological activity of many proteins is regulated by protein kinases. In a
protein kinase reaction, the side chain hydroxyl groups on serine, threonine, or
tyrosine residues of certain proteins are phosphorylated by ATP:

The conversion of a neutral hydroxyl group to a charged phosphate represents a
very dramatic change in the local architecture of the protein, potentially altering its
folding pattern and ability to bind to small molecules or other proteins. A protein's
biological function can be 'switched on' by phosphorylation of a single residue, and
switched off again by removal of the phosphate group. The latter reaction we will
examine later in this chapter.

Exercise 9.9:

a) Draw a curved-arrow mechanism, using abbreviations as appropriate, for the
serine kinase reaction.

b) Threonine kinase catalyzes the phosphorylation of the side chain hydroxyl group
of threonine residues in proteins. Draw the structure, including the configuration of
all stereocenters, of a phosphothreonine residue. Explain how you can predict the
stereochemistry of the side chain.

Although stereochemical inversion in phosphate transfer is predicted by theory,
the fact that phosphate groups are achiral made it impossible for a long time to
verify the phenomenon directly. This was finally accomplished in the late 1970's,
when a group of researchers demonstrated phosphate inversion in kinase
enzymes using chemically synthesized ATP in which three different isotopes of
oxygen were incorporated into the y—phosphate, thus creating a chiral phosphorus
center. (Ann. Rev. Biochem. 1980 49, 877)
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chiral center (R) )

e N\

16011 ADP Il
acceptor%'OH + G)O ‘P\O e % P\' 'O® + ADP
180 acceptor g7 O
©
labeled ATP

Alcohols can be converted into organic diphosphates in two different ways. A two-
step process simply involves successive transfers of the y-phosphate groups of
two ATP donors, such as in these sequential steps in isoprenoid biosynthesis. (EC
2.7.1.36; EC 2.7.4.2). A compound called mevalonate is diphosphorylated in this
way in the early phase of the biosynthetic pathway for cholesterol, steroid
hormones, and other isoprenoid molecules.

9.4.4
ATP ADP
O HO CHj \‘/ O HQ CHy Q 0O
. H > JW
@O)W / \
mevalonate o mevalonate-5-phosphate
base base-H
basee ATP
base-H ADP
O HO CHs o, o°

\\/
)W/\ /\O@

mevalonate-5-diphosphate

The mechanism for the first phosphorylation step is analogous to that for an alcohol
kinase reaction, which we have just seen. In the second phosphate transfer step,
catalyzed by a separate enzyme, one of the phosphate oxygens on the organic
monophosphate acts as a nucleophilic phosphate acceptor, attacking the gamma
v-phosphate of a second ATP.
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9.4.5

®
(0]
oA R0 aR 88
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l ATP
O HQ CH © [
)&;\ < /O + eO—Ii"B—O—II’O(—O—ribos.e—A
rd \
9r 0% o°
mevalonate-5-diphosphate ADP

In some metabolic pathways, diphosphorylation occurs by a different mechanism
from the one above. Instead of sequentially transferring two phosphates from two
ATP donors, the alternate mechanism occurs in a single step: the nucleophilic
acceptor molecule attacks the B-phosphate of ATP, rather than the y-phosphate.
After formation of the trigonal bipyramidal intermediate, it is AMP (not ADP) which

is expelled, and what started out as the § and y phosphates of ATP both remain
with the acceptor.

In the biosynthesis of DNA and RNA nucleotides, one of the hydroxyl groups on
ribose-5-phosphate is diphosphorylated (EC 2.7.6.1) in a one-step
mechanism(PRPP synthase :

9.4.6
MP
\Q \_; é: \Q “OPP
base base-H
ribose-5-phosphate phosphonbosyl 5-phosphate
(PRPP)
Mechanism @
PO N\ o o @, o

] base I /N
KG.‘\O)@D eO—P—O— —O— -O-ribose—A + H—base
1Y |8
A . (0] (0] O
HO' "OHW ©
\y’oe % ﬁ O-rib A
> ,/\ f’ + _I“_ ribose
'OH

\
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The metabolic role of both diphosphorylation processes we just saw is to convert
a hydroxyl group into a good leaving group (recall that hydroxide ions are strong
bases and poor leaving groups, while phosphates/diphosphates, especially when
stabilized in an enzyme active site, are weak bases and very good leaving groups).
In nucleoside biosynthesis pathways, the diphosphate group of PRPP acts as a
leaving group in the very next metabolic step, which is an Sn1 reaction: we have
already seen this reaction in section 8.7B).

Section 9.5: Phosphorylation of carboxylates

Thus far we have seen hydroxyl oxygens and phosphate oxygens acting as
nucleophilic accepting groups in ATP-dependent phosphate transfer reactions.
Carboxylate oxygens can also accept phosphate groups from ATP. This typically
happens in two different ways. First, the carboxylate can attack the y-phosphate of
ATP to accept phosphate,

generates a species known as an 'acyl phosphate'. An example is the first part of
the reaction catalyzed by glutamine synthase (EC 6.3.1.2):

9.5.1
® o ATP ADP ® o 0
H3N\(\)]\ o U H3NM BN
|
cof - co 00
glutamate gluatamyl phosphate

Alternatively, carboxylate groups are often converted into a species referred to as
an 'acyl-AMP'. Here, the carboxylate oxygen attacks the a-phosphate of ATP
leading to release of inorganic pyrophosphate. An example is the first part of the
reaction catalyzed by the enzyme asparagine synthetase: (EC 6.3.5.4):

9.5.2
®
H3N Oe © u Tl n .
+ O-P—O0—P—0—P-0-—ribose—A
¢S 0 e B -
aspartate ATP
nucleophilic attack at Py
HsN 0—F-0—ribose—A @o_l'a'_o_,'a'_o@
o 1% + 1Y | B
coyo % 0% o°
aspartyl-AMP PP;
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Exercise 9.10: Draw a curved-arrow mechanism for the phosphate transfer
reaction shown below (EC 2.7.2.3), which is from the glycolysis pathway. Note that
ADP is on the reactant side and ATP is a product (the opposite of what we have
seen so far). Hint: What functional group is the nucleophile? What functional group
is the leaving group?

OH
ADP ATP OH
OP O oOP O
1,3-bisphosphoglycerate 3-phosphoglycerate

Section 9.6: Hydrolysis of organic phosphates

While kinase enzymes catalyze the phosphorylation of organic compounds,
enzymes called phosphatases catalyze dephosphorylation reactions. The
reactions catalyzed by kinases and phosphatases are not the reverse of one
another: kinases irreversibly transfer phosphate groups from ATP (or sometimes
other nucleoside triphosphates) to various organic acceptor compounds, while
phosphatases transfer phosphate groups from organic compounds to water. these
are hydrolysis reactions. Kinase reactions involve an inherently ‘uphill' step
(phosphorylation of an alcohol, for example) being paid for with an inherently
‘downhill' step (cleavage of an anhydride bond in ATP). Phosphatase reactions, on
the other hand, are thermodynamically 'downhill', and while they require an
enzyme to speed them up, they do not involve 'spending' energy currency the way
kinase reactions do.

9.6.1
Phosphatase reaction

I
0 + 0-P-0 _— = H,O— ; -0 + /

There are two possible general mechanisms for a phosphatase reaction. Some
enzymes catalyze direct hydrolysis reactions, in which the phosphate group is
removed by direct attack of a water molecule at the phosphate center:
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9.6.2
Phosphatase mechanism (direct hydrolysis):
S
¥~ “ibase
O—“—Oe + B —base
{‘6 o (¢] R — | oo +

H K/oé—;—\y e0
) @

One of the two phosphate groups on fructose 1,6-bisphosphate is hydrolyzed in
such a way late in the gluconeogenesis pathway. (Biochemistry 2000, 39, 8565;
EC 3.1.3.11)

9.6.3
OP
TR L Q@ o HO™o i
o * 9O lg ' —  0-Pu07 4+ p
H” o HoA .
R 0® &
HO  ©OH HO OH
fructose 1,6-bisphosphate fructose-6-phosphate

Many phosphatase reactions, however, operate by a slightly more complicated
mechanism than what is shown above. In the first phase, a nucleophilic enzyme
group (typically a cysteine, aspartate, glutamate, or histidine side chain,
designated in the figure below as 'X') attacks the phosphate group. In the second
phase, the phosphorylated residue is hydrolized. For example, protein tyrosine
phosphatase catalyzes the dephosphorylation of phosphotyrosine residues in
some proteins - this is the other half of the regulatory 'on-off switch' that we
discussed earlier in the context of protein kinases. In the first step, the phosphate
group is directly donated to a cysteine side chain in the phosphatase enzyme's
active site. In the second step, the phosphocysteine intermediate is cleaved by
water to form inorganic phosphate and regenerate the free cysteine in the active
site.
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9.6.4
Indirect hydrolysis by Phosphatase
tep 1:
Step ° 9
0-P-0 1 © HO
enzyme SH + (I) ——> enzyme S— ; -07 4+
© 00
cysteine on active site phosphate group has been
phosphatase enzyme transferred to cysteine
substrate substrate
protein protein
phosphotyrosine on tyrosine on
substrate protein substrate protein
Step 2:

1 ) ©) 1
enzymev\s— | -0 +  H,0 —  » enzyme SH + o- ; —OH
0Q) cysteine is regenerated ©0

Notice that in the end, the phosphate group has still been transferred to a water
molecule, albeit indirectly. How would you know, just by looking at the substrate
and product of the protein tyrosine phosphatase reaction, that the phosphate is not
transferred directly to a water molecule? Simply put, you wouldn't know this
information without the benefit of knowledge gained from biochemical
experimentation.

Exercise 9.11: If you were to look just at the substrates and products of a
phosphatase reaction without knowing anything about the mechanism, it is
apparent that a nucleophilic substitution mechanism could theoretically account for
the products formed. Draw out a hypothetical nucleophilic substitution mechanism
for the hydrolysis of a phosphoserine residue and show how researchers, by
running the reaction in H2'80, (isotopically labeled water), could potentially
distinguish between a nucleophilic substitution and phosphate group transfer
mechanism by looking at where the 80 atom ends up in the products.

Section 9.7: Phosphate diesters in DNA and RNA

Phosphate diesters play a critical role in nature - they are the molecular 'tape’' that
connect the individual nucleotides in DNA and RNA via a sugar-phosphate
backbone. Take note of the 1' - 5' carbon numbering shown below for the ribose
sugar - these numbers will be used frequently in the coming discussion. The 'prime'
symbol (') is used to distinguish the ribose carbon numbers from the nucleotide
base carbon numbers (which are not shown here).
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9.7.1

DNA/(O

2.0 [Base]
5’ ’
R! 2 /!

’ & 2
? ?
o= : -0 = o= : -0 [Base]
N ase
phosphate diester H O¢

The introduction to this chapter referenced a widely read 1987 commentary in
Science Magazine, in which F.H. Westheimer of Harvard University addressed the
question of why phosphates were 'chosen’' by nature for critical biochemical job of
linking DNA (Science 1987, 235, 1173). He emphasizes how critical it is for the
phosphate diester linkage in DNA to be stable in water — in other words, it must be
resistant to spontaneous (nonenzymatic) hydrolysis. Even very infrequent
occurrence of such an undesired hydrolysis event could be disastrous for an
organism, given that an intact DNA strand is a long-term storage mechanism for
genetic information.

Westheimer pointed out that the inherent stability of DNA is a due in large part to
the negative charge on the non-bridging oxygen of the phosphate diester linker,
which effectively repels nucleophilic water molecules and shields the electrophilic
phosphorus atom from attack.

9.7.2

i N Do

o ? negative charge protects
H —P=0 phosphorous from attack

I .
0 by water nucleophile
YDNA

While DNA is quite stable regarding spontaneous hydrolysis, it of course can be
degraded by specific enzymatic hydrolysis, where the phosphate electrophile is
activated for attack through noncovalent interactions (e.g. with Mg?*) in the active
site. Enzymes that hydrolyze the phosphate diester bonds in DNA are called
nucleases, and we will learn more about them in section 9.8.

Unlike DNA, RNA is quite vulnerable to spontaneous hydrolysis in aqueous
solution. This does not present a physiological dilemma, because the function of
RNA is to encode genetic information on a temporary rather than long-term basis.
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Why does hydrolysis occur so much more rapidly in RNA than in DNA? The answer
has everything to do with the lowered entropic barrier to the reaction (you might
want to quickly review the concept of entropy at this point). RNA nucleotides, unlike
the deoxynucleotides of DNA, have a hydroxyl group at the neighboring 2' carbon.
The 2' hydroxyl group is right next to the electrophilic phosphorus atom, poised in
a good position to make a nucleophilic attack, breaking the RNA chain, and forming
a cyclic phosphate diester intermediate (see figure below).

9.7.3

RNA‘,,(O RNA/(O

@ o [Base] o o [Base]
p_ @ 3 2" - . A: 3\ 2,. @
ISk o p e
< . base
(o) I—O </ (o]

N\ cyclic

o) @ o’ Yo hosphat
o) \J O phosphate
RNA RNA diester

Researchers working with RNA must be careful to store their samples at very cold
temperatures, preferably freeze-dried or precipitated in ethanol, to avoid
hydrolysis. The problem of RNA decomposition is compounded by the fact that
RNAase enzymes, which catalyze RNA hydrolysis, are present on the surface of
human skin and are very stable, long-lived, and difficult to destroy. For these
reasons producing, storing, and transporting mRNA vaccines is a very chalneging
endeavor.

In contrast, DNA samples can be safely stored in aqueous buffer in a refrigerator,
or in a freezer for longer-term storage.
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End of Chapter Self-Check List

Check your progress towards success. Verify that after completing this chapter
you can:

"1 Recognize and able to draw the molecular structure of:

inorganic phosphate organic triphosphate
inorganic phosphate phosphate (mono)ester
inorganic pyrophosphate phosphate diester

organic (mono)phosphate phosphate anhydride
organic diphosphate bridging/non-bridging oxygen

"1 Associate the following abbreviations with chemical structures:
Pi PPi R-OP R-OPP R-OAMP

AMP ADP ATP

"1 Recall pKa values for phosphoric acid and an organic monophosphate, and
estimate the approximate net charge (to the nearest 0.5 charge unit) of these
species in buffers of different pH levels.

1 Draw a tetrahedral sp3d bonding picture for the phosphorus atom of a phosphate
group and recognize the tetrahedral nature of a phosphate group.

"1 Draw resonance contributors for different phosphate groups, identify major and
minor contributors, and explain the rationale for your determination. Remember
negative charges are shared between non-bridging oxygens, even if they are
not drawn that way!

"1 Recognize that the electrophilicity of a phosphorus atom in donor compounds
such as ATP increases through charge-charge interactions with magnesium
ions and hydrogen bonds to active site amino acids. Be aware these interactions
may not appear explicitly in drawings.

I Describe three mechanistic models for phosphate transfer reactions: concerted,
addition-elimination, and elimination-addition. Recognize that the concerted
model most closely describes biochemical reactions.

"1 Identify the apical and equatorial positions in the pentavalent transition state of
a phosphate transfer reaction and recognize that the reaction results in inversion
of configuration at the phosphorus center.

1 ldentify the o, B, and y phosphate groups of ATP, as well as the ribose and
adenosine parts of the molecule.
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1 Describe how ATP acts as a phosphate group donor and explain why these
reactions are thermodynamically favorable.

"] Draw a curved-arrow mechanism for reactions in which ATP acts as a
phosphate group donor in the phosphorylation and/or diphosphorylation of an
alcohol. Predict the result of nucleophilic attack at the a, B, or y phosphates of
ATP.

"1 Propose a reasonable curved arrow mechanism for any phosphate transfer
reaction, given the starting compounds and products.

"1 Propose a reasonable curved arrow mechanism for the formation of a given
enzyme-substrate complex. For example, provide a mechanism for the
formation of a phosphocysteine intermediate in the reaction of a given
phosphotyrosine phosphatase.

If you didn’t check off all items on this list, practice more and reach out to
your instructional team for additional help.
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End of Chapter Problems

In all of the problems that follow, feel free to use appropriate abbreviations when
drawing structures. However, always be sure not to abbreviate regions of a
structure which are directly involved in bond-breaking or bond-forming events.

P9.1: Draw a likely mechanism for reaction catalyzed by shikimate kinase (EC
2.7.1.71) in the aromatic amino acid biosynthesis pathway). Stereochemistry of the
product is not indicated in the figure below - in your mechanism, show the
stereochemistry of the product, and explain how you are able to predict it from your
knowledge of kinase reactions.

co cos
ATP ADP (stereochemistry not
% ? indicated)
HO" ™ “OH PO OH

P9.2: Draw a likely mechanism for the following reaction (EC 2.7.2.3) in the
gluconeogenesis pathway, and predict what compound is indicated by the question
mark.

OH ATP ? OH

@OWHVOP g pow)vop

O @)
P9.3:
a) Draw a likely mechanism for the following reaction (EC 6.3.4.2) from

ribonucleotide biosynthesis. Hint: what is the nucleophilic group? How could the
enzyme increase its nucleophilicity?

PPO
o \__/_ pro— < N

OH OH
OH OH
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b) Draw a mechanism for the following reaction, also from ribonucleotide
biosynthesis (EC 6.3.3.1):

t L
OP ’ kNH OoP ’ X N
o H ATP ADP o Nm)
NH NH
HO OH HO OH

P9.4:

a) The carboxylate group on the amino acid valine is activated in an early step in
the biosynthesis of the antibiotic penicillin. Predict the product of this reaction, and
draw the likely intermediate of the phosphate group transfer reaction.

ATP PP;
®I o

HsN CO3

valine

P9.5: The reaction below is an early step in the synthesis of tyvelose, a sugar
found on the surface of some pathogenic bacteria. Notice that CTP plays the role
of the phosphate group donor in this case, rather than ATP.

OH CTP ? OH
HO o LJ, HO Q
HO HO
HO

HO  op OCDP

Draw a mechanism for the reaction, and indicate the second product that is
released by the enzyme. (J. Biol. Chem. 2005, 280, 10774)

P9.6: Draw the likely product of the following hypothetical phosphate group
transfer reactions. Specify which phosphate group of ATP is the electrophile in

each case.
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b)

ATP AMP

P9.7: The figure below illustrates an experiment in which a reaction catalyzed by
an E. coli enzyme was run in isotopically labeled water.

OH
180H, GDP OH
HO Q \ Z o
HO HO BoH
HO HO

OGDP HO

a) The researchers concluded that the reaction was not a phosphate group
transfer. Explain their reasoning.

b) Draw the products that would be expected if the reaction did proceed by a
phosphate transfer mechanism (be sure to show stereochemistry and the location
of the 80 atom).

P9.8: The reaction below proceeds with a direct attack by a water molecule on the
substrate, but the hydrolysis could be expected to proceed through two possible
mechanisms. Draw two possible mechanisms for the reaction run in H2'80. Trace
the progress of the '80 'label' throughout each mechanism to see where it ends
up: this should indicate to you how the two mechanisms could be (and in fact were!)
distinguished experimentally.

_ADP
o) oP
K@"‘\OH M K@ .
HO  OH HO  OH

P9.9: Glucose-6-phosphate is dephosphorylated to glucose in the last step of the
gluconeogenesis pathway (EC 5.3.1.9). The reaction is not a direct hydrolysis: like
the phosphotyrosine phosphatase reaction we saw in this chapter it involves
formation of a phosphoenzyme intermediate, but in this case the enzyme residue
acting as the initial phosphate acceptor is an active site histidine rather than an
aspartate. Given this information, propose a likely mechanism for the reaction.

P9.10: (This question assumes a basic knowledge of DNA structure and the idea
of supercoiling). DNA topoisomerase enzymes catalyze the temporary 'nicking' of
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one strand of double-stranded DNA, which allows supercoiled DNA to 'unwind'
before the nicked strand is re-ligated. During the unwinding process, the 5' end of
the nicked strand is transferred to a tyrosine in the enzyme's active site, effectively
holding it in place while the 3' end rotates. Overall, the stereochemical
configuration of the bridging phosphate is retained. Propose a likely mechanism
for this nicking and re-ligating process.

P9.11: Pictured below is a series of phosphate group transfer steps in the early
part of isoprenoid biosynthesis in bacteria. With the knowledge that the atoms in
green are derived from ATP, predict the structures of compounds A, B and C.

from ATP
©)
| QP&
CTP PPi ATP ADP CMP O/P\ 0
§ i \ f f s Osp”
OH OH

P9.12: The reaction below shows the synthesis of glucose-UDP, an important
intermediate in carbohydrate biosynthesis. Notice that UTP (instead of ATP) is the
phosphate donor. Identify the by-product denoted below by a question mark.

OH uTP ? OH
O
O HO
HO HO
HO OH
OH

OP OuDP

P9.13: Isomerization of 3-phosphoglycerate to 2-phosphoglycerate (EC 5.4.2.1, a
reaction in glycolysis) has been shown to occur with the participation of a
phosphohistidine residue in the enzyme's active site. The two phosphate groups
are distinguished in the figure below by color. With this information, propose a
mechanism for the reaction.
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Chapter 9: Phosphate transfer reactions
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P9.14: The gluconeogenesis (sugar-building) pathway enzyme glucose-6-
phosphatase catalyzes an indirect phosphate hydrolysis reaction with a
phosphohistidine intermediate (‘indirect hydrolysis' in this context means that a
water molecule does noft directly attack glucose-6-phosphate).

OP H,0 Pi OH
O O
A;E;%i:;\E&/OH HO OH
OH OH

glucose-6-phosphate glucose

Researchers wanted to confirm that the hydrolysis in this reaction is indirect, rather
than direct. It turns out that the same enzyme is also capable of catalyzing the
transfer of the phosphate group from glucose-6-phosphate to the hydroxyl group
on carbon #6 of another glucose molecule (instead of to water, which is the natural
reaction). The enzyme-catalyzed transfer of phosphate between two glucose
substrates is reversible.

The researchers incubated the enzyme with labeled glucose-6-phosphate, in
which in the phosphate center was chiral (with the R configuration) due to the
incorporation of 7O and "0 isotopes. They also included a high concentration of
glucose in the reaction mixture, which ensured that the glucose-to-glucose transfer
reaction predominated, and hydrolysis (the 'natural' reaction) did not take place.
After allowing the reaction to reach equilibrium, they isolated the glucose-6-
phosphate and looked at the configuration of the phosphate group.

Given what you have just learned about the enzyme mechanism, predict what the
researchers found in this experiment, explain your prediction, and draw the
appropriate structure(s), including stereochemistry. Assume that the glucose-to-
glucose mechanism is identical to the hydrolysis mechanism, aside from the
identity of the ultimate phosphate acceptor.
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