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          W
orldwide, an estimated 185 mil-

lion people have been infected 

with the hepatitis C virus (HCV). 

Untreated, the infection can lead 

to cirrhosis, liver failure, and liver 

cancer, causing up to 500,000 re-

lated deaths per year ( 1,  2), and killing more 

people than tuberculosis or malaria ( 3,  4). 

New treatments are available that can cure 

over 90% of people with HCV within 12 

weeks ( 5). So what is the problem?

The “new generation” of drugs for HCV 

that are now available in the United States 

cost $84,000 (sofosbuvir) and $66,000 

(simeprevir) per person, for a 12-week 

course of treatment ( 6) (see the figure). Even 

newer drugs are undergoing regulatory re-

view (daclatasvir and “3D”). However, these 

treatments could be manufactured for as 

little as $78 to $166 per person for a 12-

week course of two drugs, according to our 

recent analysis ( 5). Efforts have begun by 

the manufacturer to make sofosbuvir af-

fordable in some low-income countries like 

Egypt ($1000), but no country is yet able 

to access this drug at a cost that is close to 

the predicted minimum production price. 

No other pharmaceutical company has 

announced similar access prices for their 

treatments outside the United States and 

Europe.

There is no vaccine against HCV, and ex-

isting “old generation” treatments are chal-

lenging. Therapies based on the cytokine 

interferon and the drug ribavirin (which 

blocks RNA synthesis by some viruses in-

cluding HCV) require a course of 24 to 48 

weeks, have high rates of side effects (rash, 

anemia, and flu-like symptoms), and fail to 

cure many patients ( 7). Moreover, different 

viral genotypes require different choice and 

durations of therapy. Despite these chal-

lenges, there is good news. The more recent 

drugs can cure the majority of people with 

HCV, with much improved side-effect pro-

files and simple oral dosing ( 5). Data are 

expected to show greatly improved “pan-ge-

notypic” activity of the newer drugs. But the 

cost and affordability of treatment remain 

the biggest barrier to scaling up treatment.

As long as U.S. patents for new hepati-

tis C drugs are enforced, high prices will 

continue to restrict access to treatment. 

The patents on simeprevir, daclatasvir, and 

sofosbuvir expire in 2026, 2027, and 2029,  

respectively ( 8– 10). Companies can only 

start production of generic versions 12 to 

15 years from now, when an estimated 6 to 

7.5 million more people will have died from 

hepatitis C if untreated, given current death 

rates and given that the epidemic would 

continue to grow.

Over the past 15 years, licensing to manu-

facturers of generics, economies of scale, and 

improvements in manufacturing processes 

have driven the cost of antiretroviral (ARV) 

treatment for HIV infection down by more 

than 99%, with standard HIV treatment now 

costing as little as $60 per patient per year, 

using the same standard of care that pa-

tients receive in the richest nations ( 11). This 

price could not have been imagined when 

effective HIV treatment was introduced at 

over $10,000 per patient per year in the late 

1990s ( 12). Universal access to treatment for 

HIV/AIDS in developing countries was ini-

tially considered too complex and expensive 

to be feasible. With the invention of a simple 

and effective therapy (ARVs), a competitive 

market was created for companies to mass 

produce generics, which, in turn, lowered 

costs and made treatment affordable. Along 

with associated international funding, treat-

ment scale-up became possible ( 12). There 

are now more than 10 million people receiv-

ing treatment for HIV in poor countries, at a 

very low price.

Similar innovation and progress is pos-

sible for hepatitis C treatment. There is no 

reason to predict that the new generation 

of HCV drugs should be particularly ex-

pensive to manufacture. For example, one 

of the most promising early combination 

treatments for hepatitis C—sofosbuvir and 

daclatasvir—cured over 90% of patients 

after 12 weeks ( 13). A 12-week course of 

these drugs could be manufactured for be-

tween $78 and $166 per person if the same 

methods of mass-producing generic drugs 

for HIV/AIDS are applied ( 5). But who will 

pay for the treatments (even at reduced 

prices) and the related costs of screen-

ing, diagnosis, and care? The current high 

prices of new hepatitis C treatments will 

place a strain on all healthcare systems. In 

the United States, Congress is investigat-

ing the pricing of sofosbuvir, including the 

methods used to establish the cost. In the 

United Kingdom, national reimbursement 

authorities may not recommend payment 

for sofosbuvir.

Of the 20 countries with the largest HCV 

epidemics, 12 are classified as low or lower-

middle income ( 5). In many of the poorest 

countries, there are few or no programs 

to treat HCV, so new funding streams are 

needed to support the scale-up of treatment 

as part of comprehensive control and pre-

vention programs. Such funding needs to 

be matched with commitments from phar-

maceutical companies in wealthy nations 

so that new-generation drugs can be made 

at minimal cost. Thus, pharmaceutical com-

panies should allow generic companies to 
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Fishing for peroxidase protons
Where are the protons in heme protein catalysis?

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 eco-

nomic climate, but HIV has left a legacy of 

structures ready to adapt to hepatitis C to 

complement government and private-sec-

tor 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 re-

ducing treatment costs to $500 to $1000 

per patient ( 14). It plans to scale up treat-

ment through a multinational group of HIV 

programs run by Médicins Sans Frontières, 

the international medical humanitarian 

organization. The Global Fund, which ad-

dresses HIV/AIDS, tuberculosis, and ma-

laria, has funded treatment programs with 

old-generation HCV drugs in several devel-

oping 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 rap-

idly, for hepatitis C. ■      

REFERENCES AND NOTES

 1. K. Mohd Hanafiah, J. Groeger, A. D. Flaxman, S. T. Wiersma, 
Hepatology 57, 1333 (2013).  

 2. R. Lozano et al., Lancet 380, 2095 (2012).  
 3. K. N. Ly et al., Ann. Intern. Med. 156, 271 (2012).  
 4. G. S. Cooke et al., J. Viral Hepat. 20, 600 (2013).  
 5. A. Hill, S. Khoo, J. Fortunak, B. Simmons, N. Ford, Clin. 

Infect. Dis. 58, 928 (2014).  
 6. Fair Pricing Coalition, Activists condemn Gilead for exorbi-

tant price of its new hepatitis C drug; www.thebody.com/
content/73462/activists-condemn-gilead-for-exorbitant-
price-of-t.html (2013).

 7. N. Ford et al., Clin. Infect. Dis. 54, 1465 (2012).  
 8. Medivir, 2012 Annual Report, Stockholm (2012), p. 26.
 9. Bristol-Myers Squibb Company, Form 10-K: Annual report 

pursuant to section 13 or 15(d) of the securities exchange 
act of 1934. Fiscal year ending Dec 31, 2011, p. 9.

 10. Pharmasset, Inc. Form 10-K: Annual report pursuant to 
section 13 or 15(d) of the securities exchange act of 1934. 
Fiscal year ending Sep 30, 2011, p. 26.

 11. MSF Drug Access Team, Untangling the web of antiretro-
viral price reductions: 16th edition (Geneva, 2012); www.
msfaccess.org/reports.

 12. B. Schwartländer, I. Grubb, J. Perriëns, Lancet 368, 541 
(2006).  

 13. M. S. Sulkowski et al., N. Engl. J. Med. 370, 211 (2014).  
 14. www.unitaid.org/en/resources/press-centre/

releases/1352-unitaid-approves-grants-of-160-million

10.1126/science.1257737

      C
ytochrome c peroxidase (CcP) con-

sumes hydrogen peroxide in mito-

chondria, using electrons derived 

from reduced cytochrome c. This and 

a related enzyme, horseradish peroxi-

dase (HRP), have played key roles in 

the development of structural and mecha-

nistic biochemistry and are used in bioca-

talysis 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 oxi-

dation by hydrogen peroxide, 

a key step in this essential en-

zymatic reaction.

CcP and HRP were the 

first heme enzymes for which 

oxidized intermediates were 

observed ( 1). In the textbook 

mechanism for heme oxida-

tion, protonated histidine 

N-H assists O-O bond hetero-

lysis in an Fe(III)-OOH inter-

mediate (CcP-0), producing 

CcP compound I (CcP-I) and 

water. The overall course of 

this reaction was established 

long ago. But where are the 

protons? Casadei et al. use 

neutron diffraction to reveal 

the positions of protons in 

resting CcP and CcP-I. They 

show that the iron(IV) of CcP-

I is an unprotonated ferryl, 

Fe(IV)=O. The results bring 

new clarity to heme oxida-

tion by hydrogen peroxide 

(see the figure).

Neutron diffraction has 

distinct advantages over x-ray 

diffraction techniques for the structural char-

acterization of enzymes that contain redox-

active metals. Non-ionizing neutron beams 

avoid the photoreduction that often plagues 

structural analysis with x-rays and that also 

occurs in the laser beams used for resonance 

Raman spectroscopy. Laser and x-radiation 

lead to ambiguities in the oxidation states 

of redox-active metals such as iron or man-

ganese. By contrast, neutrons interact only 

with atomic nuclei and scatter much more 

effectively from hydrogen and, especially, 

deuterium atoms. Catalytic proton networks 

and even deuterated hydronium ions (D
3
O+) 

have been observed in proteins by means of 

neutron diffraction ( 3,  4).

Efforts to understand the atomic and 

electronic structure of the oxidized interme-

diates 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 

complexes, ferryl states, Fe(IV)=O, with very 

short Fe-O bond lengths have been reported 

( 5,  6). The distinction between Fe(IV)=O 

species and their hydroxylated equivalents, 

Fe(IV)-OH, has taken on considerable impor-

tance with recent evidence that cytochrome 

P450 compound II is protonated and that 

the basicity of ferryl oxygen strongly affects 

heme protein reactivity ( 7).

To identify the positions of active-site 

protons in CcP and CcP-I, Casadei et al. 

Proton-mediated mechanism. Reaction of ferric CcP with H
2
O

2
 first gives 

CcP-0, followed by O-O bond scission driven by external protonation to 

afford CcP-I. Casadei et al. now report neutron diffraction data that pinpoint 

the locations of the protons and elucidate the catalytic mechanism.
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