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Fishing for peroxidase protons
Where are the protons in heme protein catalysis?
By John T. Groves and Nicholas C. Boaz

C

have been observed in proteins by means of
neutron diffraction (3, 4).
Efforts to understand the atomic and
electronic structure of the oxidized intermediates in the CcP catalytic cycle have been
hampered by the fact that Fe(III)/Fe(IV)
redox potentials in heme proteins lie in the
same range as those of the porphyrin ring
and those of tryptophan and tyrosine. This
“redox non-innocence” greatly increases
the complexity of these systems because it
increases the number of plausible sites of
oxidation. In HRP-I and in model porphyrin

ytochrome c peroxidase (CcP) consumes hydrogen peroxide in mitochondria, using electrons derived
from reduced cytochrome c. This and
a related enzyme, horseradish peroxidase (HRP), have played key roles in
the development of structural and mechanistic biochemistry and are used in biocatalysis and chemiluminescent bioassays (1).
On page 193 of this issue, Casadei et al. (2)
use neutron diffraction to reveal the role and
origin of protons in heme oxidation by hydrogen peroxide,
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this reaction was established
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long ago. But where are the
protons? Casadei et al. use
N
neutron diffraction to reveal
••
the positions of protons in
OH2
resting CcP and CcP-I. They
show that the iron(IV) of CcPFeIII
I is an unprotonated ferryl,
Resting CcP
Fe(IV)=O. The results bring
new clarity to heme oxidaProton-mediated mechanism. Reaction of ferric CcP with H2O2 first gives
tion by hydrogen peroxide
CcP-0, followed by O-O bond scission driven by external protonation to
(see the figure).
afford CcP-I. Casadei et al. now report neutron diffraction data that pinpoint
Neutron diffraction has
the locations of the protons and elucidate the catalytic mechanism.
distinct advantages over x-ray
diffraction techniques for the structural charcomplexes, ferryl states, Fe(IV)=O, with very
acterization of enzymes that contain redoxshort Fe-O bond lengths have been reported
active metals. Non-ionizing neutron beams
(5, 6). The distinction between Fe(IV)=O
avoid the photoreduction that often plagues
species and their hydroxylated equivalents,
structural analysis with x-rays and that also
Fe(IV)-OH, has taken on considerable imporoccurs in the laser beams used for resonance
tance with recent evidence that cytochrome
Raman spectroscopy. Laser and x-radiation
P450 compound II is protonated and that
lead to ambiguities in the oxidation states
the basicity of ferryl oxygen strongly affects
of redox-active metals such as iron or manheme protein reactivity (7).
ganese. By contrast, neutrons interact only
To identify the positions of active-site
with atomic nuclei and scatter much more
protons in CcP and CcP-I, Casadei et al.
effectively from hydrogen and, especially,
deuterium atoms. Catalytic proton networks
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mass produce these treatments for use in
low-income countries at a cost close to the
cost of production, with a small royalty paid
back to the pharmaceutical companies. This
is the same mechanism used to sell vaccines
in low-income countries. In some countries,
reductions in the price of HIV-1 treatments
were only achieved after long legal battles
with pharmaceutical companies. In some
cases, countries overruled company patents
on drugs and started importing generic
drugs at lower costs—so-called compulsory
licensing—which is permitted in cases of
national medical emergencies.
Creating a new funding mechanism for
poor nations is difficult in the current economic climate, but HIV has left a legacy of
structures ready to adapt to hepatitis C to
complement government and private-sector efforts. UNITAID, the United Nations
agency created in 2006 to overcome market
barriers for treatments of HIV, tuberculosis,
and malaria, recently announced its first
funding for hepatitis C, with an aim of reducing treatment costs to $500 to $1000
per patient (14). It plans to scale up treatment through a multinational group of HIV
programs run by Médicins Sans Frontières,
the international medical humanitarian
organization. The Global Fund, which addresses HIV/AIDS, tuberculosis, and malaria, has funded treatment programs with
old-generation HCV drugs in several developing countries for the past 3 years.
If we can learn from the lessons of HIV/
AIDS, mass production of generics can save
millions of lives. This has been an inspiring
medical success story which need not stand
alone but can be repeated, even more rapidly, for hepatitis C. ■

have compared neutron and x-ray diffraction data from both species. The authors
first replaced exchangeable protons with
deuterons in large (1 mm) crystals of CcP,
and then treated a CcP crystal with hydrogen peroxide to produce CcP-I. The results
show that the catalytic imidazole of His52 is
not protonated in resting CcP, as expected
(see the figure). In CcP-I, both nitrogen atoms in His52 are protonated (deuterated),
which was unexpected according to the
generally accepted mechanism. This means
that the protons required for O-O bond
cleavage in CcP-0 (see the figure) must have
come from another source, such as an adjacent water molecule. In this snapshot of the
catalytic cycle, the ferryl oxygen, Fe(IV)=O,
of CcP-I is not protonated, and the short
iron-oxygen distance expected for the ferryl
is confirmed.
Visualizing the mechanistically pertinent
protons has important implications for the
mechanism of O-O bond scission mediated
by CcP and other heme proteins. A “wet” version of the peroxidase mechanism has been
proposed, in which a water molecule adjacent to His52 mediates O-O bond cleavage (1,
8, 9). Retention of the His52 proton adjacent
to the ferryl heme after O-O bond heterolysis, as revealed by Casadei et al., suggests
that another proton, likely traveling through
an aqueduct of water molecules leading to
the active-site cavity, is also necessary (see
the figure).
CcP-catalyzed peroxide bond heterolysis thus seems to occur via a proton relay
mechanism similar to that of cytochrome
P450 (10), with electrons arriving through
Trp191 (see the figure). In this scenario, deprotonation of His52 would occur during subsequent reduction of CcP-I by another enzyme,
ferrocytochrome c. This realization points to
a water-mediated, acid-catalyzed process for
O-O bond heterolysis, which is mechanistically satisfying because of its analogies to
other proton relay mechanisms, such as that
of cytochrome P450. Further, the need for a
water channel and an external proton in peroxidase catalysis are highly informative for
the design and construction of new hemeiron biocatalysts. ■
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HIV/AIDS

Persistence by proliferation?
Latently HIV-infected cells driven to proliferate may raise a
further challenge for eradication strategies
time in individuals during ART (9), at odds
with this view.
Other evidence suggests that virus
emerges from the pool of latently infected
cells periodically. Even patients whose viral
load is well suppressed show intermittent
bursts of viremia (“blips”), and in many patients viremia is detectable in specialized assays (10, 11). Given that the pool of latently
infected cells must be primarily established
before ART, it is difficult to understand why
such periodic induction of the pool does not
lead to it running dry.
Homeostatic proliferation of infected
transitional memory T cells (6) has been
proposed as a source that could maintain the
pool, but this does not explain persistence in
the dominant central memory reservoir. Latently infected stem cell–like memory T cells
could proliferate (7), and it will be of great
interest to compare integration patterns
seen in these cells and in more differentiated
cell populations.
Maldarelli et al. and Wagner et al. harvested DNA from the blood cells of HIV-infected individuals after a decade of successful
ART, and analyzed the distribution of sites of
proviral integration in the human genome.
Typically, HIV favors integration in regions of
the genome that are transcriptionally active
(12), but a unique pattern was seen in rare
proviruses from well-suppressed patients.
Both groups found expanded proviral clones
that were enriched for proviruses in or near
a limited set of cellular genes, some of which
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T

he persistence of HIV-1 infected
cells in individuals on antiretroviral
therapy (ART) presents an obstacle
for cure of infection. ART is the best
available remedy for millions of infected people, but treatment must
be life-long because HIV establishes latent
infection that is unaffected by antiretrovirals and is invisible to immune surveillance.
Because decades of treatment may be unsustainable, there is intense interest in reversing latency. If quiescent HIV in CD4+ T
cells can be identified and activated without enhancing new infection, HIV-targeted
immune response might be able to control
or even clear infection. On page 179 in this
issue and in this week’s Science Express,
Maldarelli et al. (1) and Wagner et al. (2),
respectively, raise a new challenge for these
efforts suggesting that proliferation of latently infected cells may be a key factor in
sustaining this durable viral reservoir.
Latent HIV proviruses (viral genome integrated into the host cell DNA) are found
most often in resting CD4+ T cells within the
central memory arm of the immune system
(3–5), although other T cell subpopulations
have been implicated (6, 7). The latent pool
shows minimal or absent decay (8), which is
not fully understood. One possible explanation is that ongoing low-level HIV replication
during ART replenishes the pool. However,
viral genetic diversity does not increase over
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The persistent pool of HIV-1. Antiretroviral therapy can prevent the creation of new latently infected cells, but it does
not affect cells in which latency was initially established. Intermittent bursts of viremia originate in part from this latent
reservoir. Forcing these cells to exit the latent state without enhancing new infection could make the virus vulnerable
to clearance by an HIV-targeted immune response. Blocking the proliferation of these latently infected T cells could
deplete the pool if its stability is driven by such multiplication.
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