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Abstract

Phosphoryl-transfer reactions are central to biology. These reactions
also have some of the slowest nonenzymatic rates and thus require enor-
mous rate accelerations from biological catalysts. Despite the central
importance of phosphoryl transfer and the fascinating catalytic chal-
lenges it presents, substantial confusion persists about the properties
of these reactions. This confusion exists despite decades of research
on the chemical mechanisms underlying these reactions. Here we re-
view phosphoryl-transfer reactions with the goal of providing the reader
with the conceptual and experimental background to understand this
body of work, to evaluate new results and proposals, and to apply this
understanding to enzymes. We describe likely resolutions to some con-
troversies, while emphasizing the limits of our current approaches and
understanding. We apply this understanding to enzyme-catalyzed phos-
phoryl transfer and provide illustrative examples of how this mechanis-
tic background can guide and deepen our understanding of enzymes
and their mechanisms of action. Finally, we present important future
challenges for this field.
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INTRODUCTION

Reactions at the phosphorus atom of phosphate
esters and anhydrides form the chemical basis
for many of the most fundamental processes in
living systems. These reactions allow genetic
inheritance through nucleic acids and the cou-
pling of chemical energy to drive the thermo-
dynamically unfavorable processes required for
construction and maintenance of living cells.
Phosphoryl-transfer chemistry is also crucial
for basic metabolic pathways and cellular sig-
nal transduction (1–3).

Despite the importance of phosphoryl
transfer, the modern reader faces a consider-
able challenge in approaching the literature on
phosphoryl-transfer chemistry. In the 30 years
since Jeremy Knowles’s major review for the
general reader in this series (1), many new ob-

servations have been made, some long-standing
questions have been settled, and new contro-
versies have arisen. An explosion of structural
and computational data has led to new insights,
but also new sources of controversy and confu-
sion over chemical and catalytic mechanisms.
Decades of work and often-unfamiliar exper-
imental approaches can present a daunting
challenge to investigators new to the field. At
the same time, our current understanding of
biological catalysis of phosphoryl transfer is
closely linked to knowledge of mechanisms
and transition states for the nonenzymatic
reactions in solution. In this review, we hope to
complement excellent reviews in the chemical
literature (e.g., 4–11) and provide the back-
ground for the general reader to understand
key experimental data and concepts, to evaluate
current controversies in the literature, and to
meet future challenges in the field. We have
included additional discussion in the Supple-
mental Text (for all Supplemental Material,
follow the link on the Annual Reviews home
page at http://www.annualreviews.org), as
well as several compiled data sets that we hope
will be useful in future work.

Because of their biological importance, the
reactions of monosubstituted phosphates (e.g.,
phosphate monoesters such as glucose and inos-
itol phosphate, and phosphoanhydrides such as
ATP and pyrophosphate) and diesters, such as
DNA and RNA, are emphasized. Phosphate tri-
esters and other compounds are also discussed,
as they provide important mechanistic com-
parisons (Figure 1). To understand how these
compounds react and how enzymes catalyze
their reactions, we consider four key questions:

1. Are phosphoryl-transfer reactions
concerted, or do they proceed
through stable intermediates? This
question has largely been resolved for
nonenzymatic reactions. We review the
experiments and analyses that led to its
resolution for monoesters, as this knowl-
edge helps in assessing new situations,
particularly in enzymatic systems where
the question continues to arise.
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Figure 1
Substituted phosphates and related compounds important for biology and mechanism. Phosphate monoesters and diesters form crucial
biological compounds. Phosphoanhydrides contain one or more anhydride linkages between phosphate groups. Triesters,
thio-substituted compounds, and phosphorylated pyridines have contributed significantly to mechanistic understanding. The
protonation states shown are the dominant forms at pH 7–8.

2. How can we evaluate the structure
and properties of the transition state?
Transition-state theory defines catalysis
as preferential stabilization of a transition
state relative to the ground state (12–15).
As the proficiency of an enzyme is re-
lated to its ability to recognize and sta-
bilize the transition state, characterizing
the geometry, bonding, and charge dis-
tribution of the transition state is crucial
for understanding catalysis. We aim to ex-
plain the experimental approaches used
to characterize phosphoryl-transfer tran-
sition states, providing the reader with
the tools to critically evaluate existing and
emerging data.

3. Do enzymes alter transition states
from those in solution? If enzymes rec-
ognize and stabilize the transition states
of the corresponding uncatalyzed reac-
tions, then nonenzymatic transition states
may be used as a guide to understand and
possibly engineer stabilizing interactions.
Alternatively, if enzymes alter transition
states from those in solution, it will be fas-
cinating to unravel the forces and interac-
tions that are responsible for the change.
Although much remains to be done in
comparing enzymatic and nonenzymatic

transition states, emerging data suggest a
coherent picture.

4. How do phosphoryl-transfer enzymes
achieve catalysis? Decades of intensive
studies have provided detailed structural
pictures and identified key enzymatic
functional groups. Yet in most cases, the
energetic contributions of enzymatic in-
teractions to catalysis remain poorly ac-
counted for or unknown. We present a
perspective on mechanisms for catalyzing
phosphoryl-transfer reactions, selected
case studies that illustrate key principles,
and future challenges and new directions.

MECHANISTIC POSSIBILITIES

Concerted Versus Stepwise Reactions

One of the most confusing issues faced by the
modern reader venturing into the mechanistic
literature is whether phosphoryl-transfer reac-
tions in solution are concerted or whether they
proceed through stepwise processes with dis-
crete intermediates. Although Knowles’s 1980
review (1) was written more than two decades
after seminal mechanistic results were obtained,
it was still unclear at that time whether the
nonenzymatic hydrolyses of phosphate mo-
noesters were concerted or stepwise reactions.

www.annualreviews.org • Biological Phosphoryl Transfer 671

A
nn

u.
 R

ev
. B

io
ch

em
. 2

01
1.

80
:6

69
-7

02
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 S

ta
nf

or
d 

U
ni

ve
rs

ity
 -

 M
ai

n 
C

am
pu

s 
- 

R
ob

er
t C

ro
w

n 
L

aw
 L

ib
ra

ry
 o

n 
12

/1
2/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.



BI80CH28-Herschlag ARI 16 May 2011 13:12

Leaving group: the
part of a molecule that
departs in a reaction,
breaking a bond to
phosphorus and taking
a pair of electrons

LFER: linear free
energy relationship

KIE: kinetic isotope
effect

Nucleophile: a
species that donates an
electron pair to an
electrophilic atom
(such as phosphorus),
forming a new bond

While the issue is largely resolved today, con-
fusion persists in the literature. It is instructive
to review the original data that motivated early
mechanistic models, followed by the resolution
of this issue from new data and a new conceptual
framework.

Hydrolysis reactions of phosphate mo-
noesters (Figure 2a) were the subject of inten-
sive study for decades. As early as the 1950s,
investigators observed that the hydrolysis rate
increases by many orders of magnitude as
the pH is decreased, implying that protonated
phosphate monoesters (the monoanionic form)
(Figure 2b) react much faster than do phos-
phate monoester dianions (16–18). To account
for this observation, Westheimer proposed a
mechanism in which the rate-determining step
in phosphate monoester hydrolysis was uni-
molecular decomposition to a metaphosphate
intermediate, followed by rapid addition of wa-
ter to produce inorganic phosphate (Figure 2c).
This model explained the enhanced reactivity
of phosphate monoester monoanions because
the proton could shift from the phosphoryl
group to the leaving group, thereby stabilizing
charge buildup on the leaving group in the rate-
determining step (Figure 2d).1 An intuitively
attractive feature of this model was that the neg-
atively charged oxygen atoms could act as the
“driving force” for leaving-group expulsion by
donating electron density to phosphorus (18).
An alternative model to explain the reactivity
of phosphate monoester monoanions, in which
protonation increased the electrophilicity of the
phosphoryl group, could be ruled out because
the monoester monoanion reacts significantly
faster than the corresponding phosphate diester
(Figure 1) (17, 18).

Although metaphosphate appeared to be too
unstable to isolate and characterize, additional

1Later studies demonstrated that, for phosphate monoesters
with very good leaving groups, the dianion reacts faster than
the monoanion does (19, 20). These leaving groups have low
pKa values, indicating that they are less prone to protona-
tion, which allows the dianion reaction pathway to become
favored.

data were taken as supporting this mechanism.
Entropies and volumes of activation were cited
in support of unimolecular decomposition to
metaphosphate (19–21), and linear free energy
relationships (LFERs) and kinetic isotope
effects (KIEs) suggested extensive breaking
of the bond to the leaving group (19, 20, 22).
We explain these techniques in later sections;
here we simply emphasize that these results
were consistent with the proposed reaction
mechanism proceeding through a metaphos-
phate intermediate. However, the key flaw
in this logic was that all of the data were
obtained from kinetic methods that reported
on properties of the transition state, not the
properties of an intermediate. Although the
data were consistent with a metaphosphate
intermediate, they did not require one, and as
we describe below, considerable data available
today provide strong evidence for reactions
through metaphosphate-like transition states
but not metaphosphate intermediates.

The distinction between a transition state
and an intermediate is apparent from reaction
coordinate diagrams (as in Figure 2e). A tran-
sition state represents a local maximum along
a reaction coordinate, whereas an intermediate
exists in a local minimum, i.e., an energy well.
Most importantly, kinetic data such as rate con-
stants and activation parameters report on the
properties of the transition state relative to the
reactants (�G‡) (Figure 2e). Thus, kinetic data
that suggest significant breaking of the bond
to the leaving group and minimal bonding to
the nucleophile do not necessarily imply the
existence of a metaphosphate intermediate, but
rather tell us about properties of the transition
state. How did this distinction cause decades of
confusion in the literature? One problem was
that the experimental data were challenging to
interpret, but a key factor was the absence of
a language or framework for describing these
and other reactions. In the next section we de-
scribe a simple framework that clarifies these
points and helps to frame the remainder of our
discussion and evaluation of the mechanisms of
phosphoryl-transfer reactions.
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Figure 2
Phosphate monoesters and proposed hydrolysis reaction mechanisms. (a) Hydrolysis of phosphate
monoester dianion. (b) At low pH, phosphate monoesters become protonated to form monoanions (104).
(c,d ) The rapid hydrolysis of these phosphate monoester monoanions led early researchers to propose that
phosphate ester hydrolysis reactions proceeded through a metaphosphate intermediate. There is now strong
evidence against the intermediacy of metaphosphate. (e) Reaction coordinate diagram. A transition state (‡)
represents a local maximum along a reaction coordinate, whereas an intermediate exists in an energy well.
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Dissociative
mechanism: a
stepwise elimination-
addition mechanism
with a stable
metaphosphate
intermediate

Concerted
mechanism:
a single-step reaction
proceeding through a
single transition state

Associative
mechanism:
a stepwise addition-
elimination
mechanism with a
stable pentacoordinate
intermediate

Tight transition
state: the phosphorus
atom has more net
bonding to the leaving
group and nucleophile
atoms than in the
ground state

Loose transition
state: the phosphorus
atom has less net
bonding to the leaving
group and nucleophile
atoms than in the
ground state

Synchronous
transition state: the
total bond order of the
phosphorus atom to
the leaving group and
nucleophile atoms is
similar to that in the
ground state

Two-Dimensional Reaction
Coordinate Diagrams and a
Continuum of Transition States

Figure 3a shows a range of hypothetical
phosphoryl-transfer reaction mechanisms: a
dissociative mechanism (elimination-addition),
which for phosphoryl transfer would entail
a metaphosphate intermediate; a concerted
mechanism, an SN2-type reaction proceeding
through a single transition state with simul-
taneous breaking of one bond and formation
of a new bond; and an associative mechanism
(addition-elimination), which would entail
formation of a pentavalent phosphorane
intermediate. These reaction mechanisms,
however, are only the limiting cases among
a continuum of possibilities in which bond
formation and cleavage in the transition state
need not be synchronous (Figure 3b).

To depict this continuum of possible tran-
sition states, we introduce two-dimensional
reaction coordinate diagrams, also known
as More O’Ferrall-Jencks diagrams after the
originators of this framework (23, 24). In the
two-dimensional reaction coordinate diagram
shown in Figure 3c, the reactants are depicted
in the lower left corner and the products in
the upper right. Bond breaking proceeds along
the x-axis and bond formation proceeds along
the y-axis. This two-dimensional reaction
coordinate defines a three-dimensional free
energy surface in which the free energy axis is
perpendicular to the page. Starting from the

reactants located in a free energy well at the
bottom left, a reaction will proceed across this
surface via the pathway with the lowest barrier.
As in the one-dimensional reaction coordinate
shown in Figure 2e, the transition state is a
maximum along the reaction pathway, but a
minimum in the direction perpendicular to the
reaction pathway (i.e., it is a saddle point). The
two-dimensional reaction coordinate diagram
illustrates that there is a continuum of possible
reaction pathways between the two extremes of
an elimination mechanism via a metaphosphate
intermediate in the lower right corner of
Figure 3c and an addition mechanism via a
phosphorane intermediate in the upper left
corner.

The range of possible transition states for
concerted reactions can be mapped onto the
reaction coordinate diagram. Transition states
in which the phosphorus atom sees an increase
in the total bond order to the nucleophile
and the leaving group relative to that in the
reactants are referred to as tight transition
states. Those with a decrease in total bond
order between phosphorus and the nucleophile
and leaving group are called loose transition
states. Concerted reactions with similar net
bond order between reactants and transition
states are synchronous transition states (for a
more sophisticated treatment of bond order,
see Reference 25). These transition states are
depicted as symmetric in Figure 3c but need
not be—the nucleophile and leaving group may

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 3
Mechanistic possibilities in phosphoryl-transfer reactions. (a) An elimination-addition reaction through a
metaphosphate intermediate (DN + AN), an addition-elimination reaction through a phosphorane
intermediate (AN + DN), and a concerted reaction pathway with simultaneous bond formation and bond
cleavage (ANDN). The parentheses give the IUPAC nomenclature (162). (b) A range of possible transition
states for a concerted pathway. (c) A two-dimensional reaction coordinate diagram, also known as a More
O’Ferrall-Jencks diagram (23, 24). The diagram represents a range of possible concerted reaction pathways
passing through loose, synchronous, or tight transition states. Bond breaking and bond formation proceed
along the x- and y-axes, respectively, and the energy axis is perpendicular to the page. The transition state is
located at a maximum along the path from reactants to products, but a minimum in the direction
perpendicular to the reaction pathway. The two-dimensional reaction coordinate depiction emphasizes that
there is a continuum of reaction pathways, and the transition state can occur at any point along the pathway.
For simplicity, the diagram above depicts symmetrical transition states halfway along each reaction pathway.
Reactions proceeding through intermediates would have additional energy wells in the lower right corner for
a metaphosphate intermediate and in the upper left corner for a phosphorane intermediate.
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a   Hypothetical reaction mechanisms for phosphoryl transfer
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c   Two-dimensional reaction coordinate diagram

P

O

OR

OO

Nu
ORP

O

Nu
O

O

P

O

OR
O

O
P

O

Nu
O

O

P

O

OR
O

O
Nu

Nu

P

O

OR

OO

Nu OR

OR

P

O

Nu
O

O

P

O

OR
O

O
P

O

OO

ORP

O

Nu
O

O

P

O

OR

OO

NuP

O

OR
O

O
Nu

P

Oδ−

OR

OO

Nu

δ−δ−

δ−δ+
P

O

OR
O

O
Nu ORP

O

Nu
O

O

P

O

OR

OO

Nu

δ−

δ−δ−

δ−δ+

P

Oδ−

OR

Oδ−δ−O

Nu
δ−δ+

Elimination-addition reaction (dissociative)

Metaphosphate intermediate

Phosphorane intermediate

TIGHT transition state

LOOSE transition state

Addition-elimination reaction (associative)

Concerted reaction

Nu Nu OR

www.annualreviews.org • Biological Phosphoryl Transfer 675

A
nn

u.
 R

ev
. B

io
ch

em
. 2

01
1.

80
:6

69
-7

02
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 S

ta
nf

or
d 

U
ni

ve
rs

ity
 -

 M
ai

n 
C

am
pu

s 
- 

R
ob

er
t C

ro
w

n 
L

aw
 L

ib
ra

ry
 o

n 
12

/1
2/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.



BI80CH28-Herschlag ARI 16 May 2011 13:12

TERMINOLOGY FOR DESCRIBING
PHOSPHORYL-TRANSFER REACTIONS

Here we use the terms loose, synchronous, and tight to de-
scribe different types of transition states for a concerted reaction
(ANDN). In the literature, the terms “associative” and “dissocia-
tive” have often been used to describe transition states. This usage
is ambiguous because the terms have been used to refer to both the
mechanism of the reaction (whether concerted or stepwise) and
the structure of the transition state in a concerted reaction. Thus,
the following terminology has been suggested and is used herein.
An associative, or addition-elimination (AN + DN), mechanism
is a reaction that proceeds through a phosphorane intermediate.
A dissociative, or elimination-addition (DN + AN), mechanism is
a reaction that proceeds through a metaphosphate intermediate.
The parentheses give the corresponding IUPAC nomenclature
(162).

be bonded to phosphorus to differing extents
in transition states that are early or late along
the reaction pathway. For further discussion of
terminology, see the sidebar Terminology for
Describing Phosphoryl-Transfer Reactions.

For phosphate monoester hydrolysis reac-
tions, a metaphosphate-like transition state can
occur for a reaction pathway that proceeds near
the bottom right corner, but this pathway need
not proceed through a metaphosphate inter-
mediate. Indeed, there is now strong evidence
against the formation of a metaphosphate
intermediate in phosphate monoester hydrol-
ysis (26–33). Most simply, stereochemical
studies demonstrate that hydrolysis proceeds
with complete inversion of configuration (26,
27). This result rules out the presence of a
long-lived, freely diffusing metaphosphate
intermediate, because water could attack a free
metaphosphate from either side to produce a
racemic mixture of products (for a discussion of
some specific types of reactions where racem-
ization is observed, see Supplemental Section
B). However, metaphosphate could still form,
but not be long-lived enough to diffuse and
racemize; such reactions are sometimes re-
ferred to as preassociation stepwise (34). Strong
evidence against even transient formation of

a metaphosphate intermediate came later
from LFERs demonstrating that phosphoryl-
transfer reactions are sensitive to the strength
of a series of amine nucleophiles (28–32). The
key feature of these experiments was the use of a
broad range of nucleophile strengths such that
a change in the rate-limiting step would have
been detected if an intermediate occurred along
the reaction pathway (29–32). Corresponding,
although not identical, logic was subsequently
applied to reactions of oxygen nucleophiles,
including water, strongly suggesting that
metaphosphate is not an intermediate in
phosphate monoester dianion hydrolysis (33).
Similarly, LFERs, stereochemical studies, and
KIEs suggest that hydrolysis of phosphate
monoester monoanions (Figure 2b) proceeds
through a loose transition state and provide
no indication of formation of a metaphosphate
intermediate (20, 26, 35, 36). The interested
reader should consult the original references
after having read the following sections, which
introduce the key concepts for understanding
these LFER experiments.

As for monoesters, experimental data
suggest that phosphate diesters and triesters
(Figure 1) generally react through concerted
processes (37, 38), although there are notable
exceptions where stable phosphorane interme-
diates have been observed (discussed further
in Supplemental Section B). The ability to
compare reactivity trends among phosphate
monoesters, diesters, and triesters has provided
an important perspective for interpreting
experimental data about transition-state prop-
erties. The experimental evidence supports
monoester reactions proceeding through loose
transition states, and the transition states tend
toward increasing tightness from monoester
to diester to triester. The next sections explain
how experimental methods can allow us to
infer properties of the transition state and
indirectly assess the extent of bond cleavage
and bond formation. Because enzymatic rate
enhancements arise from preferential stabi-
lization of the transition state relative to the
ground state (12–14, 39), characterizing the
structure of the transition state is a critical step
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toward understanding how enzymes produce
their enormous rate enhancements.

TRANSITION STATES FOR
PHOSPHORYL TRANSFER

No experimental methods yet exist for directly
visualizing transition states for phosphoryl-
transfer or other reactions in solution. How-
ever, kinetic data can provide indirect but pow-
erful information about transition states, and
systematic variation of reactants and conditions
can allow more incisive feedback about the
properties of the transition state. Here we re-
view fundamental experimental approaches for
characterizing phosphoryl-transfer reactions,
emphasizing both the information obtained and
the limitations of each approach.

Linear Free Energy Relationships

Analyses of substituent effects have been an
essential part of the development of our mod-
ern understanding of organic reactivity (15,
40–43). By systematically altering the structure
of a molecule and measuring the resulting
effects on reaction rates and equilibria, one can
characterize the transition states for chemical
reactions. The idea is simple and intuitive: If
a bond is broken or formed in the transition
state, there will be a change in electron density
and charge at that position in the progression
from reactants to the transition state. Adding
electron-withdrawing groups stabilizes devel-
oping negative charge and destabilizes develop-
ing positive charge, whereas adding electron-
donating groups has the opposite effect (40, 42).

This concept is illustrated in Figure 4 with
the phenolate leaving group of phenyl phos-
phate as an example. In the hydrolysis reac-
tion of phenyl phosphate dianion, the P-O
bond to the phenolate leaving group is bro-
ken, yielding a phenolate with a net charge of
−1. In the transition state when the P-O bond
is partially cleaved, charge has developed on
the phenolate oxygen atom, but to a lesser ex-
tent than in the phenolate product (Figure 4a).
The extent of charge buildup in the transition

state relative to the products corresponds to
the extent of bond cleavage in the transition
state. To assess charge buildup in the transi-
tion state, electron-withdrawing and electron-
donating groups are added to the leaving group.
For example, adding a nitro group to the pheno-
late leaving group withdraws electron density,
stabilizing the charge development in the tran-
sition state and increasing the hydrolysis rate
constant (Figure 4b). The degree to which the
nitro group increases the rate constant depends
on how much negative charge develops in the
transition state of the reaction. In a loose tran-
sition state with extensive bond cleavage to the
leaving group, there is a lot of charge devel-
opment so electron-withdrawing groups give
large rate increases. In contrast, in a very tight
transition state with little bond cleavage to the
leaving group, electron-withdrawing groups
will have little or no effect on the reaction rate.

What does it mean to say that electron-
withdrawing groups give large or small rate
increases for reactions involving extensive or
minimal bond cleavage? To quantitatively
interpret the significance of an observed rate
effect, it is also necessary to measure the effect
on the overall equilibrium for the reaction, as
this effect sets the scale for how the substituent
stabilizes complete charge buildup on the
leaving group (43, 44). These comparisons are
performed using logarithms, which provide a
common scale that is directly proportional to
changes in free energy.2 In the case of phenyl
phosphate hydrolysis, adding an electron-
withdrawing group stabilizes negative charge
on the phenolate product, shifting the overall
equilibrium toward the products (Figure 4c).
If the resulting effects on log(k) and log(KEQ)
were the same, it would suggest that the charge
development in the transition state is similar
to that in the products (Figure 4a), implying

2These relationships, which can be found in standard
physical chemistry textbooks, are as follows: �G =
−2.303 RTlog(KEQ) and �G = −2.303 RTlog(k) +
2.303 RTlog(κkBT/h), where R is the gas constant, T is tem-
perature in Kelvin, κ is the transmission coefficient, kB is
Boltzmann’s constant, and h is Planck’s constant.
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that the P-O bond is nearly or fully broken in
the transition state. Changes in log(k) that are
small (or zero) relative to changes in log(KEQ)
suggest that the P-O bond remains mostly
(or fully) intact in the transition state. The
correlation between log(k) and log(KEQ) is an
example of a LFER and the slope of this LFER
reflects the extent of charge buildup and bond
cleavage (or formation) in the transition state.

In practice, LFERs are typically reported as
plots of log(k) versus pKa and log(KEQ) versus
pKa rather than log(k) versus log(KEQ), where
the pKa is that for the nucleophile or leaving
group in the reaction of interest. The slopes of
these so-called Brønsted plots are referred to as
βNUC for a series of rate constants with differ-
ent nucleophiles, βLG for a series of rate con-
stants with different leaving groups, and βEQ for
comparisons of log(KEQ) versus pKa. The pKa,
which is also a logarithmic quantity, provides a
convenient standard reference scale with which
to quantify the effects of electron-withdrawing
and electron-donating groups. In the phenolate
example, the electron-withdrawing effect of the
nitro group decreases the affinity of the substi-
tuted phenolate for a proton, reducing its pKa

value (Figure 4d). If there is substantial charge
development in the transition state, as in a loose
transition state, the nitro group has a large effect
on rate constants relative to pKa and the βLG

slope is steep (Figure 4e). In contrast, a tight
transition state will have little charge develop-
ment relative to pKa and a resulting shallow βLG

slope. In nucleophile LFERs, a loose transition
state in which the nucleophile develops a small
amount of positive charge has a small, positive
βNUC value. A tight transition state develops

greater positive charge, and thus a larger, posi-
tive value of βNUC is expected.

Comparisons to pKa values provide a useful
reference for charge development because, sim-
ilarly to the overall equilibrium for bond cleav-
age, the deprotonation equilibrium involves the
development of a full −1 charge on the phe-
nolate and because pKa values are particularly
convenient to measure. In contrast, KEQ values
are difficult to obtain, especially for reactions
where one side of the equilibrium is strongly
favored. Nevertheless, there is a drawback to
using pKa as a proxy for log(KEQ).

Changes in log(KEQ) calibrate the scale for
complete bond cleavage (or formation) in the
reaction of interest, but changes in pKa report
on a different reaction, i.e., deprotonation.
The substituent effects can be different for
deprotonation and the reaction of interest (i.e.,
|βEQ| �= 1) (43), which makes values of βNUC

and βLG less straightforward to interpret in
terms of the extent of bond cleavage. This
problem can be remedied by obtaining the ratio
βLG/βEQ (or βNUC/βEQ), which corresponds to
the slope of the plot of log(k) versus log(KEQ).
This value is sometimes referred to as the
Leffler α parameter (40, 43, 44). This approach
is convenient when direct measurement of
KEQ is challenging but an estimate of βEQ

is available, usually from a set of different
but structurally related compounds. Another
conceptual framework useful for interpreting
β values is effective charge, which is discussed
in Supplemental Section C (40, 43).

In Figure 5a,b, experimental LFERs are
plotted for reactions of monosubstituted phos-
phoryl compounds (19, 20, 28, 31–33, 45–47)

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 4
Substituent effects can provide information about charge development in the transition state. (a) In the complete hydrolysis reaction of
phenyl phosphate, the P-O bond to the leaving-group oxygen is fully broken, and negative charge develops on the phenolate oxygen. In
the transition state, the P-O bond is partially broken, and negative charge partially accumulates on the phenolate oxygen. (b) Adding an
electron-withdrawing p-nitro group distributes electron density away from the leaving-group oxygen in the transition state, making the
partial cleavage of the P-O bond more favorable and thereby increasing the reaction rate. (c,d ) Adding a p-nitro group also withdraws
electron density in the free phenolate, shifting the overall equilibrium toward products and reducing the affinity for a proton. This
results in a reduced pKa value. (e) Hypothetical linear free energy relationships (LFERs) for a series of leaving groups of differing pKa
values.
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Figure 5
Interpreting observed linear free energy relationships (LFERs). (a) Observed βLG LFERs. In gray: substituted phosphate monoester
dianions reacting with water [diamonds indicate benzoyl leaving groups (19); circles (20) and square (45) are phenolate leaving groups].
Points are indicated for phenyl phosphate and p-nitrophenyl phosphate. In red: hydrolysis reactions of phosphorylated pyridines
[squares (31) and circles (33)]. In blue: morpholine nucleophile reacting with phosphorylated pyridines (47). (b) Observed βNUC LFERs.
In gray: amine nucleophiles reacting with p-nitrophenyl phosphate (28). In red: oxygen nucleophiles with phosphorylated 4-methyl
pyridine (46). In blue: amine nucleophiles with phosphorylated 3-methoxypyridine (32). (c) Pyridine nucleophiles and leaving groups do
not have transferrable protons and show the same trends as for oxygen nucleophiles (panels a and b).

(see Supplemental Section D for additional
data sets). For the hydrolysis reactions of phos-
phate esters, there is a large sensitivity to leav-
ing group pKa (βLG = −1.26) (Figure 5a).
Using a value for βEQ of −1.35 that has been es-
timated for hydrolysis reactions of monoesters
with oxygen leaving groups (48), we can esti-
mate the fraction of total charge development
on the leaving group in the transition state as
|βLG/βEQ| = 0.93, suggesting that a large
amount of bond breakage to the leaving group
has already occurred in the transition state.

To conclude that the transition states for
these reactions are loose, we must also consider
bond formation, as extensive bond cleavage
to the leaving group could also be observed

for a late transition state with substantial
bond formation to the incoming nucleophile.
To evaluate both βNUC and βLG, we turn
to nitrogen nucleophiles and leaving groups
(Figure 5c), as more complete data are
available for these reactions. Here βLG =
−0.95 for reaction of morpholine with phos-
phorylated pyridines (47), βNUC = 0.16 for
reaction of pyridines with 3-methoxypyridine
(32), and βEQ has been estimated to be 1.05
(Figure 5a,b) (32). These values correspond to
estimated charge changes of |βLG/βEQ| = 0.90
and |βNUC/βEQ| = 0.15, suggesting extensive
bond cleavage to the leaving group and little
bond formation to the nucleophile, i.e., a loose
transition state in the lower right corner of
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the two-dimensional reaction coordinate
diagram (Figure 3c).

The two-dimensional reaction coordinate
diagram can also be used as a conceptual tool
to understand how changes in structure can
change the transition state. Following is an
abbreviated discussion; the reader is referred
to Supplemental Section C and the original
literature for more detailed treatments (44, 49,
50). According to the Hammond postulate,
two states along a reaction coordinate that are
close in free energy will have similar structures
(44, 51). Consequently, perturbations that raise
the energy of either the reactants or products
result in a shift of the transition state toward
the higher-energy species (Figure 6a). This
logic holds along the pathway from reactants
to products, where the transition state is a
maximum in free energy. Perturbations that
are not along the reaction path, such as those
that raise the energy of either the phosphorane
or metaphosphate intermediate species, have
different consequences. Because the transition
state represents a minimum in free energy
along the direction perpendicular to the reac-
tion pathway (e.g., along the line between the
phosphorane and metaphosphate intermediate
corners in Figures 3c and 6c), the transition
state shifts in the direction of the stabilized
species. This is sometimes referred to as an
anti-Hammond effect (Figure 6b) (50).

Using this logic for how the transition-state
structure changes in response to perturbations
in the reaction free energy surface, it is possi-
ble to assess crudely the effect of adding ad-
ditional substituents in the progression from
monoesters to diesters to triesters. Figure 6c

shows a two-dimensional reaction coordinate
diagram for symmetric phosphoryl-transfer re-
actions with alkoxide nucleophiles and leaving
groups. To a first approximation, adding an
ester substituent to the phosphoryl group has
no differential energetic effect on the reactants
and products (especially in a symmetrical reac-
tion where the nucleophile and leaving group
are the same), so the transition state does not
shift along the reaction pathway. In the direc-
tion perpendicular to the reaction pathway, the

phosphorane corner has significant charge
buildup on the phosphoryl group, and adding
an ester substituent that withdraws electrons
is expected to stabilize the phosphorane cor-
ner relative to the metaphosphate corner.
Thus, adding ester groups is predicted to have
anti-Hammond effects on the transition state
(Figure 6b), leading to a progression from loose
to tighter transition states for monoesters, di-
esters, and triesters (Figure 6c).

The currently available LFER data for mo-
noester, diester, and triester reactions are gen-
erally consistent with this expectation. Indeed,
the approximate positions of the transition
states in Figure 6c are predicted from analyses
of almost 100 LFERs reported in the literature
(see Supplemental Sections C and D). Re-
markably, despite this large number of LFERs,
there remain many gaps in the data and, corre-
spondingly, in our understanding. Information
is particularly limited for symmetric reactions,
which provide the simplest comparisons
between these reactions and their transition
states. Still, the available data provide a consis-
tent picture and make strong predictions about
reactions that have not yet been tested.

Interestingly, phosphate monoesters show
limited variability in transition-state prop-
erties, based on the available data, whereas
the variability is considerable for phosphate
triesters. Panels c and d of Figure 6 depict
approximate predicted transition-state posi-
tions for symmetric reactions with alkoxides
and with p-nitrophenolate, respectively. For
these two types of reactions, which differ in
the pKa of the nucleophile and leaving group,
the position of the monoester transition state
is similar—a loose transition state in the lower
right corner. In contrast, triester reactions
show greater variability in transition-state
properties with pKa. The available data suggest
a range of possible transition states for triesters
from loose to tight. In all cases, the direction
of change is as predicted from consideration
of Hammond and anti-Hammond effects in
two-dimensional reaction coordinate dia-
grams; however, the size of the change differs
greatly. The simplest expectation for this
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Hammond effect along the reaction pathway a Anti-Hammond effect perpendicular to the
reaction pathway 

b

c Approximate predictions for symmetric reactions with
alkoxide nucleophiles and leaving groups
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Figure 6
Changes in structure can alter the nature of the transition state. (a) Along the reaction pathway, the transition state is at a maximum in
free energy. When the equilibrium between reactants and products changes, the transition state moves toward the species that has
increased in energy. (b) Perpendicular to the reaction pathway, the transition state is at a minimum in free energy. When the
equilibrium between the phosphorane and metaphosphate species changes, the transition state moves toward the species that has
decreased in energy. (c) A two-dimensional reaction coordinate diagram for symmetric phosphoryl-transfer reactions with alkyl
nucleophiles and leaving groups, with approximate predicted changes in transition-state structure as ester substituents are added to the
phosphoryl group and the energy of the phosphorane corner decreases. (d ) Similar approximate predictions for symmetric reactions
with p-nitrophenolate nucleophiles and leaving groups. Whereas monoester reactions show little variability in transition state, triesters
show considerable variability (as discussed further in Supplemental Section C).
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difference would be a shallower energy surface
for triesters, but the data remain limited. Many
challenges remain to obtain more systematic
LFERs and to understand the origins of these
different behaviors. Supplemental Section C
contains additional discussion.

An important potential limitation of LFERs
is that alternative mechanisms and changes
to the energetic landscape can complicate
the interpretation of LFERs. Indeed, the
extreme view that LFERs cannot be used to
evaluate reaction mechanisms has been put
forth in the literature (52–54). This argument
has been advanced in two ways. First, it has
been suggested that proton transfers among the
nucleophile, the phosphoryl oxygen atoms, and
the leaving group could obscure meaningful
trends related to transition-state properties
(52). Although this complication can arise in
some reactions, this potential problem has
been eliminated in many of the fundamental
studies of phosphoryl transfer through use
of nitrogen nucleophiles and leaving groups
such as pyridines that have no transferable
protons (Figure 5) (see Supplemental
Section D). The transition states character-
ized for these monosubstituted phosphoryl
compounds are essentially indistinguishable
from those for reactions of phosphate mo-
noesters with other nitrogen and with oxygen
nucleophiles. These similarities suggest an
analogous mechanism for all these reactions.
Finally, oxygen nucleophiles both with and
without potentially transferable protons follow
a single LFER with only minor deviations,
providing strong evidence against intervention
and complication from proton transfers in these
reactions (33). For enzymatic reactions there is
also evidence against this class of mechanism,
termed substrate-assisted catalysis, as discussed
below in Enzymatic Phosphoryl Transfer.

A second challenge to the interpretation
of LFERs is based on the suggestion that
transition states change with substituent pKa

(53, 54). However, this point has been covered
extensively in the development and theory of
LFERs (40, 49, 50, and references therein),
and the experiments themselves address the

question of changes in transition state with pKa

(discussed further in Supplemental Section
C). Within a single LFER, curvature indicates
changes in transition-state bonding over the
range of compounds used to construct the
LFER. Similarly, changes in the slope across
a series of LFERs (e.g., a set of βLG values
obtained with different nucleophiles) suggest
changes in transition-state bonding, and a
constant slope suggests similar transition-state
bonding. As discussed above, the data for phos-
phate monoesters indicate only small changes
in transition-state structure with different nu-
cleophile and leaving-group pKa values (33). In
contrast, LFERs for triesters indicate changes
in the nature of the transition state with differ-
ent substituent pKa values (37, 38, 55). In both
cases, the directions of the changes can be un-
derstood simply in terms of perturbations to the
energy surface in a two-dimensional reaction
coordinate diagram (37, 55). Thus, the LFER
data, although not complete, are consistently
and robustly accounted for by the current and
longstanding models described above. Never-
theless, it is important to recognize that LFER
data do not directly supply information about
bond lengths and charges in the transition
state, but rather provide empirical correlations
from which transition states are inferred. More
research is needed to fully understand these
and other empirical relationships.

Kinetic Isotope Effects

KIEs report on changes in bonding that occur
in the transition state by measuring changes
in reaction rates that occur when an atom in
the compound of interest is substituted with a
heavy isotope (Figure 7). How does isotopic
substitution alter reaction rates, and how do
these changes report on properties of the tran-
sition state? According to quantum mechanics,
every bond has a characteristic minimum vi-
brational energy state, termed the zero-point
energy, which depends on the strength of the
bond and the masses of the atoms involved
in the bond; increasing mass decreases the
zero-point energy. When a bond is broken, the
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Figure 7
Kinetic isotope effects (KIEs) report on changes in bonding in the transition state. (a) Sites of isotopic substitution in the phosphate
monoester p-nitrophenyl phosphate (pNPP) are shown in color. KIEs can be measured for multiple sites within a molecule, including
the bridging oxygen at the position of bond cleavage (red ) and the nonbridging oxygen atoms of the phosphoryl group (blue). The
presence of a nitrogen atom ( green) in pNPP allows KIEs to be measured with the remote label method (56), as it is technically easier to
measure 15N/14N than 18O/16O ratios. Recently, however, some KIEs have been determined by direct measurement of 18O/16O ratios
(10, 63, 101). (b) Heavy-isotope substitution at the position of bond cleavage (red, bridging oxygen atom) slows the reaction because the
difference in zero-point vibrational energy is larger in the ground state than in the transition state, leading to a larger activation barrier
for the heavy-isotope-substituted molecule (56, 57). The broader vibrational potential well at the transition state reflects the weaker
state of the partially broken bond.

vibrational energy states for that bond are lost
so there is no longer a difference in vibrational
energy between the heavy and light isotopes.
Thus, there is a larger energy barrier for cleav-
age of a heavy-atom substituted bond and the
reaction is correspondingly slower; this leads to
a “normal” KIE (klight/kheavy > 1) (56, 57). For
bonds that are partially broken in the transition
state, the difference in vibrational zero-point
energy between the heavy and light isotopes

decreases relative to that in the ground state,
and the magnitude of the KIE corresponds to
the extent of bond cleavage in the transition
state (Figure 7b). In cases where bonding in-
creases at the substituted position, for example
as a result of protonation, an inverse isotope ef-
fect can be observed (klight/kheavy < 1). KIEs
resulting from isotopic substitutions at posi-
tions of bond cleavage or formation are termed
primary isotope effects.
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KIEs can also be observed for isotopic
substitution at positions that are not directly
involved in bond cleavage or formation (i.e.,
secondary isotope effects). In general, bond
vibrational states include stretching, bending,
and torsional modes. For primary isotope
effects, the dominant vibrational contribution
typically comes from loss (or gain) of a stretch-
ing mode involving the groups in the bond
being broken or formed. In contrast, secondary
isotope effects frequently arise from changes
in geometry, which can have significant effects
on bending and torsional vibrational modes.
For example, deuterium substitution in SN2
displacement reactions at carbon leads to small,
normal secondary KIEs due to a weaker bend-
ing mode in the trigonal planar transition-state
geometry relative to the tetrahedral ground
state (57). Similar geometrical changes occur
for the nonbridging oxygen atoms during
phosphoryl-transfer reactions. Unlike deu-
terium, however, the nonbridging oxygen
atoms can also undergo increased or decreased
bonding to the central phosphorus atom in the
transition state, leading to changes in stretching
vibrational modes. Thus, predicting the domi-
nant contribution to the KIE is not straightfor-
ward. Nevertheless, trends in these KIEs can
still be informative, and we hope these values
can be understood more fully in the future.

Because isotope substitution is minimally
invasive and can be made at multiple posi-
tions in a phosphoryl compound (Figure 7a),
this approach would appear to be a power-
ful method to obtain information about transi-
tion states. In practice, the compounds needed
are not trivial to make and the analysis re-
quires high-precision measurements with so-
phisticated equipment (56). Notwithstanding
these challenges, there is a large body of KIE
data for phosphoryl-transfer reactions in the
literature that provides a consistent picture of
phosphoryl-transfer transition states. This pic-
ture complements information obtained from
LFER studies.

Figure 8 shows the KIEs for hydrolysis
reactions of phosphate monoesters, diesters,
and triesters with p-nitrophenyl leaving

groups. For comparison, leaving-group KIEs
for phosphorothioate and sulfate esters are also
included, because these compounds display
similar behaviors as their phosphate ester coun-
terparts. Leaving-group KIEs for monoesters
are large and normal, consistent with a loose
transition state with significant bond cleavage
to the leaving group (Figure 8a). The KIEs for
diesters and triesters are significantly smaller,
suggesting tighter transition states for these
compounds. Nonbridging oxygen atom KIEs
also exhibit a trend from monoester to triester;
values for monoesters are small, whereas those
for triesters are significantly larger (Figure 8b).
This increase in the nonbridging KIE may arise
because increasing nucleophilic participation
in a tighter transition state leads to weakening
of the P-Ononbridge bond. Taken together,
the KIEs suggest a trend from loose to tight
transition states for phosphate monoesters,
diesters, and triesters. Although the data are
limited, leaving-group KIEs for triesters vary
significantly with the identity of the leaving
group (58, 59), consistent with the larger body
of LFER data suggesting that the transition
states for triester reactions are highly variable.
A detailed compilation of LFER and KIE data
for phosphoryl-transfer reactions supporting
these general conclusions is presented in
Supplemental Sections C, D, and F.

Because isotope effects are sensitive to
changes in both bond lengths and geometry,
and more generally to any changes in the vibra-
tional environment of the labeled position (57),
KIEs can be challenging to interpret in complex
environments. This challenge is particularly
acute in the active site of an enzyme, where pro-
tonation, metal ion interactions, and interac-
tions with other enzyme functional groups can
contribute to observed isotope effects (56, 60–
63). KIEs for representative enzyme-catalyzed
reactions are provided in Supplemental
Section F.

Other Tools

Measurements of volumes and entropies of ac-
tivation have been consistent with the trends
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Phosphate
K

IE

K
IE

Phosphorothioate
Sulfate

1.030

1.025

1.010

1.005

1.015

1.020

0
Monoesters Diesters Triesters

1.010

1.005

0

0.995
Monoester Diesters Triester

Leaving group KIEsa b Nonbridging oxygen atom KIEs

Figure 8
Kinetic isotope effects (KIEs) for nonenzymatic phosphoryl-transfer reactions with p-nitrophenyl leaving groups (35, 59, 163–166)
(includes one unpublished value from E.A. Tanifum & A.C. Hengge). Complete data tables and corresponding references are presented
in the Supplemental Section F. The reactions shown are for the fully ionized species (i.e., phosphate monoester dianions and sulfate
monoester monoanions, rather than the corresponding protonated forms). (a) Leaving-group KIEs (18kbridge) for monoester hydrolysis
are large, suggesting extensive bond cleavage to the leaving group in the transition state. Values of 18kbridge are significantly smaller for
diesters and triesters. Phosphorothioate and sulfate esters exhibit similar trends in their leaving-group KIEs. (b) The nonbridging
oxygen atom KIE (18knonbridge, per oxygen atom) for phosphate monoester hydrolysis is close to unity, whereas that for triester
hydrolysis is large and normal. Values for diester hydrolysis are more variable. Phosphorothioate esters are not included because the
presence of sulfur at the nonbridging position significantly perturbs 18knonbridge (see Supplemental Section F), and sulfate esters are
omitted because 18knonbridge is available for only a single sulfate monoester.

from LFER and KIE data, suggesting loose
transition states for monoesters and tighter
transition states for diesters and triesters. How-
ever, a serious concern in interpreting these
data is the difficulty of isolating changes in
volume or entropy of the reacting system
from changes due to interactions with the sol-
vent. We present and discuss these data in
Supplemental Section G.

Thio-substitution experiments have been
an important tool in studying phosphoryl
transfer. Substitution of a sulfur atom for an
oxygen atom of a phosphate ester leads to per-
turbation in pKa values, bond lengths, van der
Waals radii, polarizability, and electrostatics
of the resulting compound, providing valuable
mechanistic comparisons in catalyzed reactions
(64–67). For example, catalytic metal interac-
tions in enzymes can be probed with “metal ion
rescue” experiments, in which loss in activity
upon thio-substitution can be reversed through
use of thiophilic metal ions (68–72). “Sulfur
rescue” experiments, in which deleterious

mutations are rescued by the lowered pKa

values of thio-substituted substrates, can help
to identify general acid catalysis (67, 73, 74).
Thio-substitution at prochiral oxygen positions
can help to identify the stereochemical course
of reactions, and within the context of an active
site, rate effects due to steric differences upon
thio-substitution can provide probes for active-
site interactions and geometry (75–78). An
understanding of the nonenzymatic reactivities
and properties of thio-substituted compounds,
also called phosphorothioates (with nonbridg-
ing sulfur atom) and phosphorothiolates (with
bridging sulfur atom), provides a foundation
for these and other experiments.

Nonenzymatic reactions have been charac-
terized for a number of thio-substituted com-
pounds and LFER and KIE data have been
collected (see Supplemental Sections E and
F for data sets and references). As with phos-
phate esters, these results are consistent with
loose transition states for monoesters and pro-
gressively tighter transition states for diesters
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and triesters. However, in contrast to phosphate
monoesters, which proceed through concerted
reactions and do not form stable metaphosphate
intermediates, thiometaphosphate intermedi-
ates have been reported in some reactions of
phosphorothioates (79–81). This change can be
understood in the context of a two-dimensional
reaction coordinate diagram, in which sul-
fur substitution stabilizes the metaphosphate
corner sufficiently to allow formation of a
metaphosphate intermediate (Figure 6). The
similarity in LFER trends for phosphorothioate
and phosphate monoesters, diesters, and tri-
esters, in combination with the observation of
freely dissociated thiometaphosphate, provides
further support for a loose, metaphosphate-
like transition state for phosphate monoester
hydrolysis.

Overview of Nonenzymatic Data

The trends among all the data provide a con-
sistent picture of the nature of the transi-
tion state for phosphate monoesters, diesters,
and triesters. Monoesters appear to progress
through loose transition states, diesters through
more synchronous transition states, and tri-
esters through tighter transition states. In addi-
tion, there is more variation in the nature of the
transition state for triesters than for monoesters
in response to variation of the pKa values and
reactivities of the attacking and leaving groups.
This picture has not been challenged by new
experimental observations over several decades,
yet each individual experiment is subject to un-
certainties and the models must be continuously
evaluated with respect to new data. Although
computational methods fall outside of the scope
of this review, these approaches offer promise
in more directly relating LFER and KIE data
to transition-state structures and charge distri-
butions. To establish confidence in the theo-
retical models, systematic and comprehensive
experimental data sets will be needed to serve
as benchmarks, and computational approaches
will need to be critically assessed through robust
and nontrivial predictions of previously unmea-
sured values.

ENZYMATIC PHOSPHORYL
TRANSFER

Phosphoryl-transfer reactions can be excep-
tionally slow in solution (45, 82, 83), and en-
zymes that catalyze these reactions can have
tremendous rate accelerations. For example,
the first-order rate constant for attack on
methyl phosphate dianion by water is less than
10−20 s−1—a half-life of more than one trillion
years (45). Alkaline phosphatase catalyzes this
hydrolysis with a second-order rate constant
(kcat/KM) of 1.2 × 106 M−1s−1 (84), giving a
rate acceleration of more than 1027-fold!3

How do enzymes achieve these large rate
accelerations relative to the solution reactions?
An understanding of the transition states for
nonenzymatic reactions in solution can provide
insight into possible strategies for enzymatic
catalysis and can guide investigations of new
enzymatic systems and catalytic mechanisms.
In this section, we provide an overview of
strategies that enzymes could employ in
catalyzing phosphoryl-transfer reactions from
the perspective of the nonenzymatic transition
state, with an emphasis on monoesters. Earlier
works have reviewed possible catalytic strate-
gies for phosphoryl transfer (e.g., 1, 85–88), and
we offer an updated perspective here, informed
both by our perspective on nonenzymatic reac-
tions and by more recent work that sheds new
light on these strategies. Rather than covering
specific enzyme classes and families, we refer
the reader to other reviews (4–6, 89–93); we
also present three enzyme case studies in the
sidebars and Supplemental Text that further
illustrate specific mechanistic concepts.

Activation of the Nucleophile

Three general means of nucleophilic activation
have been proposed for reactions of phosphate
monoesters: positioning of the nucleophile,
increasing nucleophilicity, and overcoming

3The second-order rate constant for the nonenzymatic reac-
tion is the first-order rate constant divided by the concentra-
tion of water (55 M): 3.6 × 10−22 M−1s−1.
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electrostatic repulsion. The current data, as
outlined below, suggest that only positioning
can provide substantial catalysis in reactions
proceeding via loose transition states, whereas
increasing the nucleophilicity through varying
the identity of the nucleophile, metal ion catal-
ysis, or general base catalysis can contribute
significantly for tighter transition states as in
diesters and triesters.

Positioning. The most general hallmark of
enzymes is their ability to use binding interac-
tions and positioned groups within the folded
enzyme to facilitate catalysis. This ability di-
rectly links catalysis to specificity, as is required
in biology (94). The ability to attain enormous
rate advantages from positioning was demon-
strated in many early studies that compared
inter- and intramolecular solution reactions
and was explained by Page & Jencks (95), who
demonstrated that such large effects could
come from the removal of translational and
rotational degrees of freedom upon fixing two
reactants with respect to one another. Unfortu-
nately, we still lack good estimates of how large
such effects can be in enzymatic reactions (96).

In phosphoryl-transfer reactions, the nu-
cleophile must be aligned with the phosphorus
atom and the leaving group for in-line attack
at phosphorus, and enzyme interactions could
help to position the nucleophile in this reactive
geometry. Empirical data for phosphoryl-
transfer reactions suggest that positioning
of the nucleophile can make a significant
contribution to catalysis. This conclusion is
based on exogenous rescue experiments in
which the enzymatic His nucleophile of NDP
kinase was replaced with noncovalently bound
small-molecule nucleophiles. Comparisons
between the covalent enzymatic nucleophile,
noncovalently bound nucleophiles, and the
nonenzymatic reaction suggest a ∼102-fold en-
hancement from positioning of the covalently
bound enzymatic nucleophile (97). How does
this observation relate to our expectation that
the transition state for phosphate monoester
hydrolysis has little nucleophilic participation?
The simplest explanation is that even in a loose

transition state there is some bond formation to
the nucleophile, which requires positioning of
the nucleophile with respect to the phosphoryl
group. Translational entropy is lost when the
two reactants no longer move independently
of one another, regardless of whether the
transition state is loose or tight, so a significant
rate enhancement from prepositioning the
reactants is possible.

Increasing the nucleophilicity. The reac-
tivity of a nucleophile can be increased by a
number of mechanisms, including removal
of a proton by a general base, activation
by a metal ion, or by changing the identity
of the nucleophile.4 The potential catalytic
contributions from general base catalysis or
metal ion activation can be estimated using the
LFER slope βNUC, which describes the change
in reaction rate as a function of nucleophile
pKa. Qualitatively, because βNUC is small for
reactions at monosubstituted phosphate cen-
ters (Figure 5), there is little advantage gained
from changing the pKa of the nucleophile
through any of these routes. Quantitatively, we
can calculate a maximum expected contribution
using the shift in pKa and the βNUC value.
The expected log increase in rate constant
upon abstraction of a proton from a water (or
similarly serine) nucleophile is the difference in
pKa between hydroxide (pKa = 15.7) and water
(pKa = −1.7) times the βNUC value. Thus, the
increase in rate constant is estimated as

�(log k) = βNUC · �pKa.

For monoester reactions with βNUC = 0.1
(Figure 5), this relationship gives a value of
56-fold as the maximum rate increase, and for
a hypothetical βNUC = 0.2, a value of 3 × 103-
fold is obtained. The actual rate increase is
expected to be substantially less, as concerted

4For a given pKa, nitrogen nucleophiles are more reactive to-
ward phosphorus than oxygen nucleophiles, while also form-
ing thermodynamically weaker bonds. Thus, enzymes can
obtain advantages from using nitrogen nucleophiles in cova-
lent catalysis (98); such nucleophiles are used sometimes but
not exclusively.
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general base catalysis yields only partial depro-
tonation in the transition state and thus partial
activation. There may be additional entropic
barriers for having multiple simultaneous
events of bond formation and proton transfer,
further reducing the catalytic benefit for gen-
eral base catalysis. Similar considerations apply
to nucleophile activation by a metal ion. The
estimated pKa for the metal-bound alkoxide
Ser-O− · · · Zn2+ in the enzyme alkaline phos-
phatase is ∼5.5 (99), giving a rate advantage of
∼10-fold if βNUC ∼0.1–0.2.5 Overall, increas-
ing nucleophilicity is not expected to provide
a major catalytic contribution for monoester
reactions with loose transition states. This
point is illustrated further in the sidebar Ras
GTPase: Is a General Base Necessary?

In contrast to the case for loose transition
states, increasing the reactivity of the nucle-
ophile through general base catalysis or metal
ion coordination can provide larger catalytic
contributions for reactions with tighter transi-
tion states. As an example, for diester reactions
with βNUC = 0.31, the above relationship gives
a value for the maximum increase in rate con-
stant of 3 × 105, indicating that increasing nu-
cleophilicity could provide a much larger con-
tribution to catalysis for these tighter transition
states, although again, general base catalysis
would not be expected to capture this full value.

Overcoming electrostatic repulsion. Could
an enzyme make phosphoryl transfer more
favorable by reducing electrostatic repulsion
between the nucleophile and the charged
phosphoryl oxygen atoms? Westheimer, in
his classic perspective “Why Nature Chose
Phosphates” (3), suggested that this type of
electrostatic repulsion accounts for the low
nonenzymatic reactivity of phosphate com-
pounds. Indeed, nonenzymatic phosphate
monoester hydrolysis is extraordinarily slow
relative to other biological reactions (45). But is

5Here the metal-bound alkoxide species has a pKa signif-
icantly lower than that of an alkoxide ion and is thus less
reactive than a free alkoxide.

RAS GTPASE: IS A GENERAL BASE
NECESSARY?

Ras and related proteins catalyze GTP hydrolysis and have been
studied extensively as paradigms for molecular switches that link
enzymatic activity to cell-regulatory signals through conforma-
tional change. The catalytic mechanism of the Ras GTPase be-
came a topic of extensive discussion when structural studies did
not find a good candidate for a general base in the active site. To
account for this observation, a new mechanism was proposed,
referred to as substrate-assisted catalysis, whereby the GTP sub-
strate would act as the catalytic base to deprotonate water, form-
ing the more potent hydroxide nucleophile (154, 155). Although
this mechanism is widely cited in the literature, subsequent ex-
periments strongly support an alternative interpretation of the
original data taken as support of this mechanism; these exper-
iments are described in Supplemental Section J. However, a
more fundamental question underlies this issue: Is there any rea-
son to think that a general base is necessary? Studies on nonenzy-
matic and Mg2+-promoted nucleoside triphosphate hydrolysis as
well as Ras-catalyzed GTP hydrolysis suggest a loose transition
state for this reaction (127, 138, 139). Using βNUC = 0.1 as re-
ported for nucleoside triphosphate hydrolysis (127), the expected
catalytic advantage for deprotonating water to form hydroxide is
at most 60-fold, relative to a rate acceleration for Ras of approx-
imately 105-fold relative to the nonenzymatic reaction. Thus,
although interactions with the enzyme can help to position water
for nucleophilic attack, there is little expected benefit from using
a general base to deprotonate the attacking water. Given consid-
eration of the transition-state structure, additional mechanisms
for RasGAP-mediated GTP hydrolysis were proposed and sub-
sequently supported by crystallographic and functional studies
(discussed further in Supplemental Section J).

electrostatic repulsion the culprit? The obser-
vation that no reaction of phosphate monoester
dianions with hydroxide ion is observed above
that with water, even at high hydroxide ion con-
centrations (20, 45), is consistent with the elec-
trostatic repulsion model (100). However, an
alternative explanation is provided by the small
value of βNUC for these reactions (Figure 5). As
discussed above, with a βNUC value of 0.1, the
reactivity of hydroxide ion can be roughly esti-
mated as 60-fold greater than that of water. But
water is present in 55-fold greater amounts even
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relative to 1 M hydroxide ion at pH 14. Thus,
the absence of an observable rate increase at
high pH could primarily reflect the shallow de-
pendence of the reaction rate on nucleophilicity
and be unrelated to electrostatic repulsion.

A more direct experimental test of the
electrostatic repulsion model comes from
comparisons of the reactivity of neutral and
negatively charged oxygen nucleophiles in
reactions with negatively charged phosphate
esters. These reactions all follow the same
dependence on nucleophile pKa, with no signif-
icant deviations between neutral and negatively
charged nucleophiles (33). Similarly, there are
no deviations between charged and uncharged
nucleophiles when the rate constants for phos-
phate ester hydrolysis are compared with those
for corresponding reactions with uncharged es-
ters (46). Finally, increasing the ionic strength,
which would screen and thereby diminish
electrostatic repulsion, has only small effects
on reaction rates; anionic nucleophiles react
∼5-fold faster, whereas reactions of neutral
nucleophiles are not significantly affected (46,
101). These results suggest that electrostatic
repulsion between anionic nucleophiles and
negatively charged phosphate esters (relative
to uncharged esters) is not extensive.

If the relatively slow reactions of phosphate
esters are not a consequence of electrostatic
repulsion between nucleophiles and negatively
charged phosphoryl groups, then mitigating
electrostatic repulsion would not be a major
contributor to enzymatic catalysis of these
reactions. However, further study of highly
charged phosphate esters such as nucleoside
triphosphates is warranted to further explore
this issue. For example, it has been suggested
from structural data that enzymes can bind
ATP with the phosphoryl oxygen atoms in an
eclipsed conformation, introducing steric or
electrostatic repulsion that may destabilize the
bound substrate and thereby lower the reaction
barrier (102, 103).

Stabilization of the Leaving Group

In contrast to the situation for the nucleophile
discussed above, the leaving group develops

substantial negative charge in the loose transi-
tion state relative to the ground state for phos-
phate monoester dianion reactions (Figure 3b).
Consequently, stabilization of the developing
negative charge on the leaving group can con-
tribute significantly to catalysis of monoester
reactions.

Similarly to the calculation above for nu-
cleophilic activation, we can calculate a rough
maximum rate advantage for protonating an
alcohol-type leaving group such as glucose or
ethanol using the difference in pKa and the βLG

value with the following expression:

�(log k) = βLG · �pKa.

The maximum value of �pKa is the difference
between the pKa of a fully protonated leaving
group (pKa ∼ −2 for protonation of water or an
alcohol) and that for an alkoxide leaving group
(pKa ∼ 16 for protonation of hydroxide and sim-
ple alkoxides) (104). Using a value of �pKa of 18
and the βLG value of −1.26 (Figure 5) gives an
enormous maximum estimated rate advantage
of >1020-fold. We emphasize that the actual
expected catalytic effect will be much less. As
noted above for general base catalysis, the pro-
ton will be partially rather than fully transferred
in the transition state and there are entropic-
like barriers for having multiple simultaneous
events of bond breaking and proton transfer.
For phosphate diesters and triesters, the tighter
transition states and correspondingly smaller
values of βLG lead to the prediction of smaller
catalytic effects from a general acid, but large
values of βLG (∼1) can still occur with a tight
transition state when βEQ is also large. In these
cases, general acid catalysis can provide a sig-
nificant advantage.

Interactions with the Phosphoryl
Oxygen Atoms: Charge, Positioning,
and Geometry

The phosphoryl group (PO3
−) that is trans-

ferred from the leaving group to the nu-
cleophile can undergo two types of changes
from the ground state to the transition state:
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electrostatic and geometric. The literature has
generally focused on electrostatic changes, but
emerging data suggest that geometry may also
be important.

Electrostatic changes. A hallmark of the
active sites of phosphoryl-transfer enzymes is
the presence of positively charged functional
groups and metal ion cofactors in the active
site (1, 4, 91). These positively charged groups
are often positioned to interact with the
nonbridging oxygen atoms of the transferred
phosphoryl group. This observation has led to
frequent suggestions in the literature that these
positively charged groups lead to enzymatic
transition states that are tighter than those of
the corresponding nonenzymatic reactions (1,
28, 87, 91, 92, 102, 105–122). Most simply,
coordination of the nonbridging oxygen atoms
could make the substrate behave more like a
diester or triester and thus proceed through a
tighter transition state.

A physical model for the proposed tight-
ening of the transition state comes from
consideration of electrostatic changes in the
phosphoryl group. In a loose transition state
where bond cleavage to the leaving group is
more advanced than bond formation to the
nucleophile, there is a net loss of electrons in
the phosphoryl group and the negative charge
on the nonbridging oxygen atoms may decrease
(Figure 9a). Indeed, to account for data sug-
gesting extensive bond cleavage to the leaving
group, early workers in the field suggested that
negatively charged oxygen atoms provide the
driving force to expel the leaving group (18).
In contrast, in a tighter transition state, the net
increase in bond order at phosphorus would
be expected to lead to an increase in negative
charge on the nonbridging phosphoryl oxygen
atoms (Figure 9b). Thus, positively charged
functional groups that are ubiquitous in
phosphoryl-transfer enzyme active sites have
been suggested to be better suited to stabilize
the charge distribution in a tight transition
state rather than a loose transition state similar
to that in the nonenzymatic reaction. In terms
of a two-dimensional reaction coordinate
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a Proposed charge distribution in a loose transition state

c Charge distribution in a metaphosphate-like species
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Figure 9
Charge distribution on the phosphoryl oxygen atoms in the transition state.
Based on a simple arrow-pushing scheme, one might expect the charge on the
nonbridging oxygen atoms to decrease in a loose transition state (a) and
increase in a tight transition state (b) (the transition-state charges depicted are
the extreme limits). However, the charge distribution for a metaphosphate-like
species in a loose transition state is unknown. Three different resonance forms
can be depicted with more or less charge on the nonbridging oxygen atoms (c).

diagram, this proposal corresponds to an
enzyme altering the energy surface relative to
that in solution to move the transition state
from the bottom right of the diagram toward
the top left (Figure 6c, with positively charged
functional groups behaving like additional
ester substituents on the phosphoryl group).

Although this logic is intuitively appealing,
it falls short on several counts. First, the charge
distribution in a metaphosphate-like species in
a loose transition state is not known, and there is
no requirement that charge on the nonbridging
oxygen atoms should decrease to compensate
for leaving-group expulsion. Indeed, compu-
tational studies of metaphosphate in the gas
phase suggest a charge distribution closer to
the resonance forms on the right of Figure 9c,
with significant negative charge density on the
nonbridging oxygen atoms (123–125). Second,
even if the charge on the nonbridging oxygen
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atoms does decrease in a loose transition state,
positively charged functional groups in an en-
zyme active site may form stronger interactions
in the transition state owing to changes in the
geometry of the phosphoryl group that lead
to better alignment of the interacting groups.

ALKALINE PHOSPHATASE: DO POSITIVELY
CHARGED GROUPS TIGHTEN
TRANSITION STATES?

Alkaline phosphatase (AP) catalyzes phosphoryl transfer from a
broad range of monoesters and is among the most proficient en-
zymes known. AP has considerable positive charge concentrated
in its active site, including two Zn2+ ions and an arginine available
to interact with the nonbridging phosphoryl oxygen atoms in the
transition state. Could these interactions with positive charge
lead to a tighter transition state, as may be expected from stabi-
lization of the upper left corner in the two-dimensional reaction
coordinate diagram? Because the active site of AP accepts a wide
range of leaving groups, it has been possible to perform numer-
ous linear free energy relationship (LFER) and kinetic isotope
effect studies to probe transition-state properties in AP-catalyzed
reactions. In reactions of monoesters for which the chemical
step is rate limiting, all experimental evidence, described in Sup-
plemental Section I, is consistent with transition states that do
not differ from those of the nonenzymatic reactions. These ob-
servations suggest that the presence of positively charged groups
does not substantially tighten the transition state. Yet arginine
residues and other positively charged residues are ubiquitous in
phosphoryl-transfer enzymes. What roles could they play? LFER
results showed no evidence for substantial change in transition-
state structure upon mutation of the active-site arginine of AP
(145), but measurement of individual reaction steps indicated
that arginine coordination strengthens binding by approximately
3 kcal/mol and provides 1–2 kcal/mol of additional transition-
state stabilization (75). Through studies of AP and protein
tyrosine phosphatase, another phosphoryl-transfer enzyme with
similar arginine coordination in a very different active-site en-
vironment, it has been proposed that interactions with arginine
serve to position optimally the phosphoryl group for reaction
and may provide further catalysis if they are positioned to
interact more strongly with the trigonal bipyramidal geometry
in the transition state than the tetrahedral ground state (75, 76,
115, 136, 156, 157). Additional references and discussion of AP
catalytic mechanisms are provided in Supplemental Section I.

This idea is discussed further in the sidebar
Alkaline Phosphatase: Do Positively Charged
Groups Tighten Transition States? Finally,
the proposal that enzyme active sites alter the
transition state from that in solution has an
important unstated assumption: The energy
surface surrounding the transition state must
be sufficiently shallow such that the energetic
benefit gained from enzyme interactions with
a tighter transition state outweighs the ener-
getic preference for a loose transition state.
Empirical studies to date suggest that these in-
teractions are insufficient to overcome the pref-
erence for a loose transition state for phosphate
monoester reactions. No evidence for changes
in transition-state structure has been observed
upon Mg2+ and Ca2+ coordination in reactions
of phosphate monoesters and anhydrides in
solution, based on a lack of changes in LFER
slopes, suggesting that these metal ion inter-
actions are insufficient to alter transition-state
structure (126, 127).6 Consideration of the pxy

coefficient (see Supplemental Section C) also
suggests that monoester transition states may
not be easy to change. Moreover, as experimen-
tal LFER and KIE data have begun to emerge
for enzyme-catalyzed phosphate monoester
reactions, changes in transition-state structure
relative to solution have also not generally
been observed (56, 62, 99, 133–146). Phospho-
glucomutase provides an interesting example,
discussed in the sidebar Phosphoglucomutase:
Do Enzymes Change Mechanisms from
Those in Solution?, of a case where enzymatic
interactions were proposed to cause extreme
tightening toward a phosphorane interme-
diate, but follow-up investigations suggested
otherwise.

Thus, it appears unlikely that enzymes
derive a catalytic advantage by shifting the
energy surface toward a tighter transition state

6Reactions of Co(III) complex phosphate esters provide an
apparent exception (128–130). However, Co(III)-ligand in-
teractions are generally very stable (131, 132). Thus, addition
of Co(III) may mimic addition of a covalent substituent and,
therefore, may be expected to result in a tighter transition
state as does increased esterification of the phosphoryl group.
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and concurrently stabilizing greater charge
development on the nonbridging oxygen atoms
in the transition state. Nevertheless, further
investigation is in order. Most fundamentally,
the charge distribution of the phosphoryl
group in a loose transition state remains an
open question. A challenge for the future is to
develop experimental and computational tools
that can confidently address this question.

The placement of active-site functional
groups has also been suggested to determine
the distance between entering and leaving
groups in the transition state (92). This pro-
posal makes assumptions about the nature of
the energy surface for the reaction and how
difficult it is to change the transition-state
structure, and the structural data from X-
ray crystallography and nuclear magnetic reso-
nance provide information about ground states,
not transition states. There is no indication
that these distances can affect transition-state
tightness.

Geometry and positioning. In nonenzymatic
reactions, solvent must rearrange to accom-
modate reaction transition states. In contrast,
enzymatic interactions are optimally positioned
by the folded macromolecule for electrostatic
and geometric complementarity with the tran-
sition state. These interactions include aspects
discussed above such as stabilizing contacts
to the leaving group. In addition, interactions
between the nonbridging phosphoryl oxygen
atoms and positively charged active-site groups
can play important catalytic roles in positioning
the phosphoryl substrate with respect to the
attacking group and also in aligning the leaving
group for stabilizing interactions. An open but
intriguing question is whether the trigonal
bipyramidal transition-state geometry can be
recognized by the active site in preference to
the tetrahedral ground state. For phosphate
monoesters, the position and orientation of the
nonbridging oxygen atoms changes in the pro-
gression from ground state to transition state
(Figure 3), and for diesters preferential inter-
actions could also be made with the substituent
attached to the transferred phosphoryl group.

PHOSPHOGLUCOMUTASE: DO ENZYMES
CHANGE MECHANISMS FROM THOSE
IN SOLUTION?

A recent X-ray crystallographic study challenged expectations
from nonenzymatic reactions by reporting a stable phosphorane
intermediate in phosphoryl transfer from glucose in the active
site of phosphoglucomutase (158). For this reaction, a concerted
process with a loose transition state is expected, and thus the ob-
servation of electron density suggestive of a stable pentacoordi-
nate, trigonal bipyramidal species in the structure was surprising.
A crystallographically observable phosphorane would represent
a remarkable shift in mechanism from a transition state near the
lower right of the two-dimensional reaction coordinate diagram
to a long-lived stable species in the upper left corner. However,
soon after this result was presented, it was suggested that the ob-
served pentacoordinate species may not represent a reaction in-
termediate, but instead could represent a MgF3

− transition-state
analog arising from components from the crystallization buffer
(159). Subsequent evidence from 19F and 31P nuclear magnetic
resonance, additional X-ray experiments, and kinetic data pro-
vided strong support for the assignment of the pentavalent species
as MgF3

− (160, 161). The phosphoglucomutase story provides a
reminder of the importance of synergy between kinetics, chemi-
cal mechanism, and structure for understanding enzymatic cataly-
sis. Structural studies with transition-state analogs have advanced
enzymology by providing physical models of active-site interac-
tions. Nevertheless, structures alone cannot reveal mechanism
or energetics and so must be placed in the context of functional
studies. See Supplemental Section H for additional references
and discussion.

This model implies that active-site interactions
are suboptimal in the ground state owing to
conformational constraints and more favorable
in the transition-state geometry. Thus, even
with no increase in negative charge on the
nonbridging oxygen atoms, hydrogen bonding
and electrostatic interactions with these atoms
could potentially become stronger in the tran-
sition state as the nonbridging oxygen atoms
reorient. Indeed, recent data support the possi-
bility that enzymes can recognize small geomet-
rical changes on the scale of a few tenths of an
Ångstrom (see Reference 147). Advancing our
understanding of enzyme rigidity, positioning,
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and dynamics is an important future challenge
for phosphoryl transfer and other enzymes
(96).

Determining the bond distances in
phosphoryl-transfer transition states and
trajectories of reaction pathways represent
additional important challenges. What are
the bond distances in loose or tight transition
states, and do positioning interactions that
place the reactants in close proximity lead to
tighter transition states? For example, it has
been suggested that the transition state can
be loose even if the nucleophile is initially
positioned in van der Waals contact with the
phosphate ester (5, 8).

Challenges for the Future

We can currently identify elements of enzy-
matic systems that contribute to catalysis of
phosphoryl transfer, but ultimately we hope to
develop a quantitative, predictive understand-
ing of the structural origins of catalysis. One
major challenge for achieving that goal is in
relating the empirical correlations provided
by KIEs and LFERs to precise geometries
and charges for all atoms in the transition
state. Both experimental and computational
approaches toward this goal face additional
limitations caused by the complexity of the en-
zymatic environment. Another major challenge
toward a more quantitative understanding of
phosphoryl-transfer catalysis is in experimen-
tally dissecting the roles of active-site interac-
tions. Site-directed mutagenesis has provided
crucial information, but it cannot directly
assess catalytic contributions because active
sites are complex and cooperative networks of

interacting residues (96). Double-mutant
cycles can help by assessing cooperativity of
interactions, albeit imperfectly (148, 149).
Comparative approaches that utilize multiple
substrates, multiple enzymes, and catalytic
promiscuity to further parse energetic effects
are providing additional insights (84, 150–153).
Yet understanding energetic contributions
remains difficult, and much work remains to
be done.

CONCLUSIONS

Phosphoryl-transfer enzymes have attracted
enormous attention as befits their central roles
in biology. Over time, different approaches to
these systems have been prominent: physical
organic approaches to nonenzymatic phospho-
ryl transfer in the 1950s, mechanistic studies
of specific enzymes in the 1970s and beyond,
structural studies from the 1990s to the present,
and contemporary emerging computational
approaches. Although each new development
has been powerful and exciting, there has been
a tendency to lose track of mechanistic con-
siderations from earlier nonenzymatic studies.
We hope that this review will resuscitate
and broaden a fundamental understanding
of phosphoryl-transfer mechanisms and that
the analyses and case studies will provide
motivation for current and future investiga-
tors to apply lessons and approaches from
nonenzymatic studies. The understanding
of biological phosphoryl transfer from these
approaches is synergistic rather than additive,
and the deepest understanding will come from
an integration of different perspectives and
methods.

SUMMARY POINTS

1. Considerable experimental evidence supports a concerted reaction for phosphate mo-
noesters and related compounds in nearly all cases.

2. Transition states for phosphoryl-transfer reactions can, in principle, be loose, tight, or
synchronous, as defined by the net bonding of phosphorus to the nucleophile and leaving
group.
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3. A consistent picture of the transition states for phosphoryl transfer has emerged from
LFER and KIE studies, where phosphate monoesters proceed through loose transition
states, phosphate diesters through roughly synchronous transition states, and phosphate
triesters through generally tighter but more variable transition states.

4. Experimental evidence suggests that, in cases tested to date, enzymatic catalysis generally
does not substantially alter transition states for phosphoryl transfer from those in solution.

5. Consideration of the mechanistic data for nonenzymatic phosphoryl transfer allows eval-
uation of proposed catalytic mechanisms and has led to important insights into mecha-
nisms of catalysis for enzymatic phosphoryl transfer.

FUTURE ISSUES

1. LFER and KIE data provide empirical descriptions of transition states. A major challenge
lies in translating the empirical correlations into bond distances, electronic distributions,
and vibrational states.

2. Additional, systematic experimental data will be needed to achieve this goal. Compu-
tational approaches offer promise in correlating these empirical data with physical pa-
rameters, but calculations must be related to these experimental observables and provide
nontrivial predictions to allow unbiased tests of the methods and results.

3. Understanding how reaction energy surfaces change in response to enzymatic stabilizing
interactions is a key challenge. An ultimate goal is the development of predictive and
quantitative models for phosphoryl-transfer catalysis.

4. Although not discussed here, a related important challenge is to understand how enzy-
matic catalysis of phosphoryl transfer is coupled to events required for biological signaling
and regulation.
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its GTPase-activating protein in complex with a transition-state analogue. Nature 389:758–62

122. Scheffzek K, Ahmadian MR, Kabsch W, Wiesmuller L, Lautwein A, et al. 1997. The Ras-RasGAP
complex: structural basis for GTPase activation and its loss in oncogenic Ras mutants. Science 277:333–
38

123. Rajca A, Rice JE, Streitwieser A, Schaefer HF. 1987. Metaphosphate and tris(methylene)metaphosphate
(P(CH2)3

−) anions. Do they have three double bonds to phosphorus? J. Am. Chem. Soc. 109:4189–92
124. Horn H, Ahlrichs R. 1990. Energetic measure for the ionic character of bonds. J. Am. Chem. Soc.

112:2121–24
125. Evleth EM, Kassab E, Colonna F, Akacem Y, Ouamerli O. 1992. Ab initio fitted charges for PO3

− and
related XO3

n structures. Chem. Phys. Lett. 199:513–17
126. Herschlag D, Jencks WP. 1987. The effect of divalent metal ions on the rate and transition-state structure

of phosphoryl-transfer reactions. J. Am. Chem. Soc. 109:4665–74
127. Admiraal SJ, Herschlag D. 1995. Mapping the transition state for ATP hydrolysis: implications for

enzymatic catalysis. Chem. Biol. 2:729–39
128. Williams NH, Lebuis AM, Chin J. 1999. A structural and functional model of dinuclear metallophos-

phatases. J. Am. Chem. Soc. 121:3341–48
129. Humphry T, Forconi M, Williams NH, Hengge AC. 2002. An altered mechanism of hydrolysis for a

metal-complexed phosphate diester. J. Am. Chem. Soc. 124:14860–61
130. Humphry T, Forconi M, Williams NH, Hengge AC. 2004. Altered mechanisms of reactions of phosphate

esters bridging a dinuclear metal center. J. Am. Chem. Soc. 126:11864–69
131. Rawlings J, Hengge AC, Cleland WW. 1997. Heavy-atom isotope effects on reactions of Co(III)-bound

p-nitrophenyl phosphate: nucleophilic displacements of p-nitrophenol and dissociation of p-nitrophenyl
phosphate. J. Am. Chem. Soc. 119:542–49

132. Taube H. 1952. Rates and mechanisms of substitution in inorganic complexes in solution. Chem. Rev.
50:69–126

133. Hengge AC, Sowa GA, Wu L, Zhang ZY. 1995. Nature of the transition state of the protein-tyrosine
phosphatase-catalyzed reaction. Biochemistry 34:13982–87

134. Hengge AC, Zhao Y, Wu L, Zhang ZY. 1997. Examination of the transition state of the low-molecular
mass small tyrosine phosphatase 1. Comparisons with other protein phosphatases. Biochemistry 36:7928–
36

135. Hengge AC, Martin BL. 1997. Isotope effect studies on the calcineurin phosphoryl-transfer reaction:
transition state structure and effect of calmodulin and Mn2+. Biochemistry 36:10185–91

700 Lassila · Zalatan · Herschlag

A
nn

u.
 R

ev
. B

io
ch

em
. 2

01
1.

80
:6

69
-7

02
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 S

ta
nf

or
d 

U
ni

ve
rs

ity
 -

 M
ai

n 
C

am
pu

s 
- 

R
ob

er
t C

ro
w

n 
L

aw
 L

ib
ra

ry
 o

n 
12

/1
2/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.



BI80CH28-Herschlag ARI 16 May 2011 13:12

136. Hoff RH, Wu L, Zhou B, Zhang ZY, Hengge AC. 1999. Does positive charge at the active sites of
phosphatases cause a change in mechanism? The effect of the conserved arginine on the transition state
for phosphoryl transfer in the protein-tyrosine phosphatase from Yersinia. J. Am. Chem. Soc. 121:9514–21

137. McWhirter C, Lund EA, Tanifum EA, Feng G, Sheikh QI, et al. 2008. Mechanistic study of protein
phosphatase-1 (PP1), a catalytically promiscuous enzyme. J. Am. Chem. Soc. 130:13673–82

138. Du XL, Black GE, Lecchi P, Abramson FP, Sprang SR. 2004. Kinetic isotope effects in Ras-catalyzed
GTP hydrolysis: evidence for a loose transition state. Proc. Natl. Acad. Sci. USA 101:8858–63

139. Du XL, Sprang SR. 2009. Transition state structures and the roles of catalytic residues in GAP-facilitated
GTPase of Ras as elucidated by 18O kinetic isotope effects. Biochemistry 48:4538–47

140. Kim K, Cole PA. 1997. Measurement of a Bronsted nucleophile coefficient and insights into the transition
state for a protein tyrosine kinase. J. Am. Chem. Soc. 119:11096–97

141. Kim K, Cole PA. 1998. Kinetic analysis of a protein tyrosine kinase reaction transition state in the forward
and reverse directions. J. Am. Chem. Soc. 120:6851–58

142. Paoli P, Cirri P, Camici L, Manao G, Cappugi G, et al. 1997. Common-type acylphosphatase: steady-
state kinetics and leaving-group dependence. Biochem. J. 327:177–84

143. Hollfelder F, Herschlag D. 1995. The nature of the transition state for enzyme-catalyzed phosphoryl
transfer. Hydrolysis of O-aryl phosphorothioates by alkaline phosphatase. Biochemistry 34:12255–64

144. Holtz KM, Catrina IE, Hengge AC, Kantrowitz ER. 2000. Mutation of Arg-166 of alkaline phos-
phatase alters the thio effect but not the transition state for phosphoryl transfer. Implications for the
interpretation of thio effects in reactions of phosphatases. Biochemistry 39:9451–58

145. O’Brien PJ, Herschlag D. 1999. Does the active site arginine change the nature of the transition state
for alkaline phosphatase-catalyzed phosphoryl transfer? J. Am. Chem. Soc. 121:11022–23

146. Nikolic-Hughes I, Rees DC, Herschlag D. 2004. Do electrostatic interactions with positively charged
active site groups tighten the transition state for enzymatic phosphoryl transfer? J. Am. Chem. Soc.
126:11814–19

147. Sigala PA, Kraut DA, Caaveiro JMM, Pybus B, Ruben EA, et al. 2008. Testing geometrical discrimination
within an enzyme active site: constrained hydrogen bonding in the ketosteroid isomerase oxyanion hole.
J. Am. Chem. Soc. 130:13696–708

148. Horovitz A, Fersht AR. 1990. Strategy for analyzing the cooperativity of intramolecular interactions in
peptides and proteins. J. Mol. Biol. 214:613–17

149. Mark AE, van Gunsteren WF. 1994. Decomposition of the free energy of a system in terms of specific
interactions. J. Mol. Biol. 240:167–76

150. O’Brien PJ, Herschlag D. 1999. Catalytic promiscuity and the evolution of new enzymatic activities.
Chem. Biol. 6:R91–105

151. Nikolic-Hughes I, O’Brien PJ, Herschlag D. 2005. Alkaline phosphatase catalysis is ultrasensitive to
charge sequestered between the active site zinc ions. J. Am. Chem. Soc. 127:9314–15

152. Lassila JK, Herschlag D. 2008. Promiscuous sulfatase activity and thio-effects in a phosphodiesterase of
the alkaline phosphatase superfamily. Biochemistry 47:12853–59

153. Babtie A, Tokuriki N, Hollfelder F. 2010. What makes an enzyme promiscuous? Curr. Opin. Chem. Biol.
14:200–7

154. Langen R, Schweins T, Warshel A. 1992. On the mechanism of guanosine triphosphate hydrolysis in
Ras p21 proteins. Biochemistry 31:8691–96

155. Schweins T, Langen R, Warshel A. 1994. Why have mutagenesis studies not located the general base in
Ras p21. Nat. Struct. Biol. 1:476–84

156. Zhang M, Zhou M, VanEtten RL, Stauffacher CV. 1997. Crystal structure of bovine low molecular
weight phosphotyrosyl phosphatase complexed with the transition state analog vanadate. Biochemistry
36:15–23

157. Alhambra C, Wu L, Zhang ZY, Gao JL. 1998. Walden-inversion-enforced transition-state stabilization
in a protein tyrosine phosphatase. J. Am. Chem. Soc. 120:3858–66

158. Lahiri SD, Zhang GF, Dunaway-Mariano D, Allen KN. 2003. The pentacovalent phosphorus interme-
diate of a phosphoryl transfer reaction. Science 299:2067–71

159. Blackburn GM, Williams NH, Gamblin SJ, Smerdon SJ. 2003. Comment on “The pentacovalent phos-
phorus intermediate of a phosphoryl transfer reaction.” Science 301:1184c

www.annualreviews.org • Biological Phosphoryl Transfer 701

A
nn

u.
 R

ev
. B

io
ch

em
. 2

01
1.

80
:6

69
-7

02
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 S

ta
nf

or
d 

U
ni

ve
rs

ity
 -

 M
ai

n 
C

am
pu

s 
- 

R
ob

er
t C

ro
w

n 
L

aw
 L

ib
ra

ry
 o

n 
12

/1
2/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.



BI80CH28-Herschlag ARI 16 May 2011 13:12

160. Baxter NJ, Olguin LF, Golicnik M, Feng G, Hounslow AM, et al. 2006. A Trojan horse transition state
analogue generated by MgF3

− formation in an enzyme active site. Proc. Natl. Acad. Sci. USA 103:14732–
37

161. Baxter NJ, Bowler MW, Alizadeh T, Cliff MJ, Hounslow AM, et al. 2010. Atomic details of near-
transition state conformers for enzyme phosphoryl transfer revealed by MgF3

− rather than by phospho-
ranes. Proc. Natl. Acad. Sci. USA 107:4555–60

162. Guthrie RD, Jencks RD. 1989. IUPAC recommendations for the representation of reaction mechanisms.
Acc. Chem. Res. 22:343–49

163. Catrina IE, Hengge AC. 2003. Comparisons of phosphorothioate with phosphate transfer reactions for
a monoester, diester, and triester: isotope effect studies. J. Am. Chem. Soc. 125:7546–52

164. Hoff RH, Larsen P, Hengge AC. 2001. Isotope effects and medium effects on sulfuryl transfer reactions.
J. Am. Chem. Soc. 123:9338–44

165. Hengge AC, Tobin AE, Cleland WW. 1995. Studies of transition-state structures in phosphoryl transfer
reactions of phosphodiesters of p-nitrophenol. J. Am. Chem. Soc. 117:5919–26

166. Younker JM, Hengge AC. 2004. A mechanistic study of the alkaline hydrolysis of diaryl sulfate diesters.
J. Org. Chem. 69:9043–48

702 Lassila · Zalatan · Herschlag

A
nn

u.
 R

ev
. B

io
ch

em
. 2

01
1.

80
:6

69
-7

02
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 S

ta
nf

or
d 

U
ni

ve
rs

ity
 -

 M
ai

n 
C

am
pu

s 
- 

R
ob

er
t C

ro
w

n 
L

aw
 L

ib
ra

ry
 o

n 
12

/1
2/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.



BI80-FrontMatter ARI 16 May 2011 14:13

Annual Review of
Biochemistry

Volume 80, 2011Contents

Preface

Past, Present, and Future Triumphs of Biochemistry
JoAnne Stubbe � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �v

Prefatory

From Serendipity to Therapy
Elizabeth F. Neufeld � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1

Journey of a Molecular Biologist
Masayasu Nomura � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �16

My Life with Nature
Julius Adler � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �42

Membrane Vesicle Theme

Protein Folding and Modification in the Mammalian
Endoplasmic Reticulum
Ineke Braakman and Neil J. Bulleid � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �71

Mechanisms of Membrane Curvature Sensing
Bruno Antonny � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 101

Biogenesis and Cargo Selectivity of Autophagosomes
Hilla Weidberg, Elena Shvets, and Zvulun Elazar � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 125

Membrane Protein Folding and Insertion Theme

Introduction to Theme “Membrane Protein Folding and Insertion”
Gunnar von Heijne � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 157

Assembly of Bacterial Inner Membrane Proteins
Ross E. Dalbey, Peng Wang, and Andreas Kuhn � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 161

β-Barrel Membrane Protein Assembly by the Bam Complex
Christine L. Hagan, Thomas J. Silhavy, and Daniel Kahne � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 189

vii

A
nn

u.
 R

ev
. B

io
ch

em
. 2

01
1.

80
:6

69
-7

02
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 S

ta
nf

or
d 

U
ni

ve
rs

ity
 -

 M
ai

n 
C

am
pu

s 
- 

R
ob

er
t C

ro
w

n 
L

aw
 L

ib
ra

ry
 o

n 
12

/1
2/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.



BI80-FrontMatter ARI 16 May 2011 14:13

Transmembrane Communication: General Principles and Lessons
from the Structure and Function of the M2 Proton Channel, K+

Channels, and Integrin Receptors
Gevorg Grigoryan, David T. Moore, and William F. DeGrado � � � � � � � � � � � � � � � � � � � � � � � � 211

Biological Mass Spectrometry Theme

Mass Spectrometry in the Postgenomic Era
Brian T. Chait � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 239

Advances in the Mass Spectrometry of Membrane Proteins:
From Individual Proteins to Intact Complexes
Nelson P. Barrera and Carol V. Robinson � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 247

Quantitative, High-Resolution Proteomics for Data-Driven
Systems Biology
Jürgen Cox and Matthias Mann � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 273

Applications of Mass Spectrometry to Lipids and Membranes
Richard Harkewicz and Edward A. Dennis � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 301

Cellular Imaging Theme

Emerging In Vivo Analyses of Cell Function Using
Fluorescence Imaging
Jennifer Lippincott-Schwartz � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 327

Biochemistry of Mobile Zinc and Nitric Oxide Revealed
by Fluorescent Sensors
Michael D. Pluth, Elisa Tomat, and Stephen J. Lippard � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 333

Development of Probes for Cellular Functions Using Fluorescent
Proteins and Fluorescence Resonance Energy Transfer
Atsushi Miyawaki � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 357

Reporting from the Field: Genetically Encoded Fluorescent Reporters
Uncover Signaling Dynamics in Living Biological Systems
Sohum Mehta and Jin Zhang � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 375

Recent Advances in Biochemistry

DNA Replicases from a Bacterial Perspective
Charles S. McHenry � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 403

Genomic and Biochemical Insights into the Specificity of ETS
Transcription Factors
Peter C. Hollenhorst, Lawrence P. McIntosh, and Barbara J. Graves � � � � � � � � � � � � � � � � � � � 437

viii Contents

A
nn

u.
 R

ev
. B

io
ch

em
. 2

01
1.

80
:6

69
-7

02
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 S

ta
nf

or
d 

U
ni

ve
rs

ity
 -

 M
ai

n 
C

am
pu

s 
- 

R
ob

er
t C

ro
w

n 
L

aw
 L

ib
ra

ry
 o

n 
12

/1
2/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.



BI80-FrontMatter ARI 16 May 2011 14:13

Signals and Combinatorial Functions of Histone Modifications
Tamaki Suganuma and Jerry L. Workman � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 473

Assembly of Bacterial Ribosomes
Zahra Shajani, Michael T. Sykes, and James R. Williamson � � � � � � � � � � � � � � � � � � � � � � � � � � � � 501

The Mechanism of Peptidyl Transfer Catalysis by the Ribosome
Edward Ki Yun Leung, Nikolai Suslov, Nicole Tuttle, Raghuvir Sengupta,

and Joseph Anthony Piccirilli � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 527

Amyloid Structure: Conformational Diversity and Consequences
Brandon H. Toyama and Jonathan S. Weissman � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 557

AAA+ Proteases: ATP-Fueled Machines of Protein Destruction
Robert T. Sauer and Tania A. Baker � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 587

The Structure of the Nuclear Pore Complex
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