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Hemoglobin, blood and blood substitutes

Chemistry and biochemistry of oxygen transport

Practice and limitations of blood transfusions

Two major ideas for red-blood-cell-free substitutes:

Perfluorcarbon (PFC)-based (“un-natural”?)
Hemoblobin-based (“natural”)

How these might be used, why progress has been so slow

“IANAP”



Overview of oxygen transport



A tale of some very simple molecules...

O2: (di-)oxygen (20% of air)

N2: (di-)nitrogen (80% of air)

CO: carbon monoxide (competes with O2 in hemoglobin)

CO2: carbon dioxide (by-product of respiration)

NO: nitric oxide (control of blood pressure and vasoconstriction)

C10F18: “FDC” (main component of fluosol)

C8F17Br: “PFOB” (most promising perfluorocarbon)



... and a much more complex one



Dangers and nuisances of conventional transfusions

Dangers

mild allergic reactions (1 in 30)

acute respiratory distress (1 in
5000)

hepatitis (1 in 30,000 to
100,000) [was 1 in 4 prior to
1965]

HIV-AIDS (1 in 500,000)

administrative errors (1 in
20,000)

immune system suppresion

Nuisances

Blood must be screened and
typed (ABO)

Very limited shelf life (2-4
weeks)

Not immediately effective in
delivering oxygen (lack of
DPG)

Potential and real shortages



Stored blood quickly becomes outdated



Foreseeable benefits of an oxygen carrier

Emergency–trauma

Cardiopulmonary bypass surgery

ANH: (extract blood before surgery, replace it afterwards)–red
blood cells not exposed to bypass circuitry and pump
dissolution of air bubbles that lead to neurological dysfunction
(50% incidence, severe incidence 6%)

tissue and organ storage

getting oxygen inside solid tumors

simplified blood banking



Perfluorocarbons

Among the most inert materials known

not immuogenic
can be heat sterilized
can be manufactured in large quantities

Must be formulated into emulsions with surfactants

most common surfactants are egg-yolk phospholipids

oxygen solubility is 20 times greater than plasma

extent of oxygen delivery is regulated by simply controlling pO2

PFCs are not metabolized, eventually excreted through the lungs
with expired air



A brief history of fluorocarbon emulsions

1966: Clark & Gollan show a mouse could live with
oxygen-saturated PFC

1970s: Green Cross creates Fluosol, emulsion of FDC

difficulty to formulate the emulsion
excessively long retention times (2.5 years in animals)
was used for a time for angioplasty, halted in 1994

2000s: Alliance and Baxter Healthcare create PFOB-based
Oxygent now in phase II and phase III human trials



Hemoglobin as a shape-shifter



Regulation of affinity by phosphates



DPG binds only in the bigger central cavity

DPG binds only to the deoxy form
of hemoglobin

The deoxy form has lower affinity
for oxygen

⇒DPG lowers oxygen affinity

DPG is in red blood cells but not
in the bloodstream itself

⇒a red-blood-cell free
hemoglobin needs some other
way to lower oxygen affinity



“Mutant” hemoglobins offer ideas



Main challenges for hemoglobin based substitutes

protein itself too small and is rapidly excreted through the kidneys

⇒stabilize the tetramer form relative to dimers (e.g. by mutations)
⇒chemically cross link into oligomers

oxygen affinity is too high in the absence of DPG

⇒search for modified hemoglobins with lower affinity (Hb
Presbyterian)

adverse vasoconstriction and blood pressure effects

understand more fully how NO interacts with hemoglobin

difficulty and expense of producing modified hemoglobins

bacterial toxins contaminate proteins produced in E. coli
expression in transgenic pigs, or in yeast, is still quite expensive



Simple model of allostery

[P] = 1

[Pα ]

[P][L]
= k

[Pα ] = k [L]; [Pβ ] = k [L]

[Pαβ ]

[Pα ][L]
= k ⇒ [Pαβ ] = k2[L]2

Note the the partition function is just the sum of the relative
populations (concentrations) of all species:

Q = 1+2k [L]+ k2[L]2 = q0 +q1λ +q2λ
2 =

N

∑
i=0

qiλ
i



More on allostery

Now, compute the fraction of binding sites that contain ligands:
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Since this is uncoupled binding:

Q = 1+2kλ + k2
λ

2 = (1+ kλ )2

See Onufriev, Case, Ullmannn, Biochemistry 40, 3413 (2001) for a
generalization.



The Henderson-Hasselbach equation

AH ⇔ A−+H+

Q = 1+ kλ

y = λ
∂ lnQ
∂λ

=
λk

1+λk

Now, k = 10pKa and λ = 10−pH ; hence:

y =
10pKa−pH

1+10pKa−pH

This yields the usual sigmoidal binding curve you learned about in high
school.



Hemoglobin-like model

[T P ]

[T ][P]
= κ; µ ≡ [P]

[R]

[T ]
= L

λ T TP R

0 1 µκ L
1 kλ µκkλ Lckλ

1 kλ µκkλ Lckλ

2 k2λ 2 µκk2λ 2 Lc2k2λ 2

Q = (1+ kλ )2(1+ µκ)+L(1+ ckλ )2



No phosphate
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If L = 0, get simple non-cooperative binding; for L < 1 and c > 1 (that
is, T state is favored in the absence of ligand, but the R state has a
higher affinity), get “hemoglobin-like” cooperative binding.
When µ > 0, get a linkage between yL and yP .



Linkage relations

NyL =
∂ lnQ
∂ lnλ

; MyP =
∂ lnQ
∂ ln µ
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Analysis of Cooperativity in Hemoglobin. Valency Hybrids, 
Oxidation, and Methemoglobin Replacement Reactions? 

Attila Szabo and Martin Karplus* 

ABSTRACT: An allosteric model proposed previously for 
structure-function relations in hemoglobin is applied. to the 
analysis of low- and high-spin valency hybrids. By assuming 
that the low-spin oxidized chains have the tertiary structure 
of oxygenated chains while the high-spin oxidized chains 
have a tertiary structure intermediate between that of deox- 
ygenated and oxygenated chains, the model parameters as- 
sociated with the different valency hybrids can be obtained, 

T o  understand the mechanism of cooperative ligand bind- 
ing by the hemoglobin tetramer, it is not sufficient to know 
the structure and properties of the completely deoxygenated 
(Hb) and fully oxygenated (Hb(02)d) species. Information 
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This math you’ve already seen!

S Z A B O  A N D  K A R P L U S  

tion of partially oxygenated species is small relative to the 
limiting forms. It has not been possible to crystallize the in- 
termediates for X-ray analysis and they are difficult to ob- 
serve and identify in solution even by sensitive techniques 
like nuclear magnetic resonance spectroscopy and spin la- 
beling. One approach is provided by kinetic measurements, 
since higher concentrations of intermediates can occur 
under nonequilibrium conditions. Until now, however, most 
of the available data have come from equilibrium studies of 
“hybrid” hemoglobins, which are treated as models for the 
partially oxygenated intermediates (Antonini and Brunori, 
1971). 

A variety of hybrids have been studied. All of these are 
presumed to be primarily tetrameric systems in which the 
two cy chains or the two /3 chains are modified in some way. 
The known hybrids include the valency hybrids in which ei- 
ther the a or /3 chains have been oxidized (Antonini and 
Brunori, 1971), the metal hybrids, in which the ferrous ion 
of either the (Y or /3 chains has been replaced by cobaltous 
ion (Hoffmann and Peterling, 1970; Yonetani et al., 1973; 
Yamanoto et al., 1974), the heme hybrids in which one type 
of chain contains a heme group involving protoporphyrin IX 
and the other type a heme group involving a modified por- 
phyrin (Yonetani et al., 1973; Yamano:o et al., 1974), and 
the de-metal hybrids in which the heme group of either the 
LY or the /3 chains has been replaced by protoporphyrin IX 
without iron (Treffry and Ainsworth, 1974). Analysis of the 
hybrid hemoglobin data is concerned with understanding 
their equilibrium properties and with evaluating their po- 
tential for providing information concerning the nature of 
partially oxygenated intermediates of normal hemoglobin. 
In what follows, we focus on the valency hybrids, which 
have been studied in greatest detail; a separate paper nil1 
discuss the metal hybrids. 

The valency hybrids can be characterized by the spin 
state of the ferric iron in the oxidized chains. In the low- 
spin hybrids (such as cyanomet and azomet) the iron is ex- 
pected to have its equilibrium position in the plane of the 
porphyrin ring (disregarding any interaction with the pro- 
tein), while in the high-spin hybrids (such as fluoromet and 
aquomet) the iron should lie about 0.3 8, out of the porphy- 
rin plane in accord with X-ray results for model compounds 
(Hoard, 1971; Hoard and Scheidt, 1973). This suggests 
that the unoxygenated low-spin valency hybrids can be re- 
garded as models for the normal hemoglobin intermediates 
Hb(02)2 in which either two cy or two /3 chains have been 
oxygenated; the high-spin valency hybrids, by contrast, do 
not correspond directly to their oxygenated analogs but 
rather have some intermediate form. It is shown in this 
paper how these ideas can serve to determine the structural 
parameters i n  a simple model for the equilibrium properties 
of the high- and low-spin valency hybrids. The model pro- 
posed for the valency hybrids is found to be applicable also 
to the properties and replacement reactions of methemoglo- 
bin and to the oxidation-reduction equilibrium of normal 
hemoglobin. In  developing and applying the model, we have 
been concerned with the qualitative relationships that can 
be obtained by its use and have not stressed quantitative de- 
tails, except where they can aid our understanding of the in- 
teractions involved. 

Section 1 provides the theoretical background required to 
understand the subsequent arguments. A thermodynamic 
description of ligand binding is specialized to dimer behav- 
ior and it is shown how a model of the allosteric type for re- 
lating structure and function in hemoglobins can be applied 

to the hybrids. The properties of the low-spin valency hy- 
brids are considered in section 2 and of the high-spin valen- 
cy hybrids in section 3. It is demonstrated that low- and 
high-spin hybrids can be understood by using the same 
model with structurally motivated changes in its parame- 
ters. In section 4, it is shown that the arguments developed 
for the valency hybrids are consistent with the properties of 
methemoglobin and provide a simple ,xplanation of the 
cooperativity found in certain ligand replacement reactions. 
A corresponding treatment of the oxidation-reduction equi- 
librium of normal hemoglobin is given in section 5. The 
concluding discussion is presented in section 6. 

( I )  Thermodynamic Description and the Allosteric Model 
The equilibrium of a macromolecule M with N binding 

sites for a ligand X a t  concentration (activity) X can be de- 
scribed by a generating function (Szabo and Karplus, 1972) 
defined as: 

where A ,  is the macroscopic equilibrium constant for bind- 
ing of s ligands: 

M + SX S M X ,  ( 2) 

The utility of the generating function, X,y, lies in the fact 
that each term ASAS, s = 0, 1, , . . N ,  is proportional to the 
probability that s ligands are bound. Thus, the fractional 
saturation, ( y ) ,  of the macromolecule with ligand is given 
by: 

From eq 3, it is clear that the ligand binding curve is 
uniquely determined by the N parameters A I ,  A2, , . . A,\ 
(A0  = 1). It is their detailed interpretation which provides 
the link between structure and function that corresponds to 
an understanding of the binding properties of the macro- 
molecule (Szabo and Karplus, 1972; A. Szabo and M. Kar- 
plus, manuscript to be published). 

For the present application to hybrid hemoglobins, we 
consider eq 1-3 specialized to the dimer case (N = 2). By a 
“dimer” we mean any species, such as the valency hybrids, 
which has two equivalent ligand binding sites even it it is 
composed of more than two subunits. For the dimer, eq I 
reduces to 

(4) 
In eq 4, the consecutive terms are proportional, respectively, 
to the probability that none, one, and two ligands are 
bound. If K ,  is the Adair equilibrium constant for the reac- 
tion MX,-I  + X F! MX,, then A0 = 1, A I  = K l ,  and A? = 
KiK2. The fractional saturation ( y )  obtained from eq 3 
and 4 is: 

Z2(X) = A ,  + A,X + A2X2 

(5) 
i a  1 A,h + 2A,h2 

(JJ)  = z X E [ l n  E(h)] = - 2 A, + A,h + A,X2 

If the system is “homogeneous” (Le., it is free from impuri- 
ties, M is not dissociating, and there are no interactions be- 
tween different M), eq 4 and 5 provide an exact and com- 
plete phenomenological description. From eq 5, applied to 
oxygenation with X equal to the partial pressure (p) of 0 2 ,  

it follows that the partial pressure at  half saturation, p i p ,  
and the Hill coefficient, n, at pl12 are given by: 
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Plot curves as a function of parameters
C O O P E R A T I V I T Y  I N  H E M O G L O B I N  
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FIGURE 3: Allosteric model for ligand replacement reactions; Hill 
coefficient n and scaled affinity log ~ 1 1 2  vs. log L for c = 0.15, 0.20, 
0.25, and 0.30. 

low PH: @T)H,O > ( ~ T ) c N -  @ T ) N ~ -  

high pH: (g,)p > ( 9 ~ ) o ~ -  @T)CN- N & T ) N ~ -  
(21b) 

In the replacement reaction shown in eq 19, if Hb+(Y)4 ex- 
ists primarily in the T state (i.e., (gT)y > 0.5) while 
Hb+(X)4 exists primarily in the R state (Le., (gT)X < O S ) ,  
there would be a quaternary structural change in the reac- 
tion and cooperative behavior would be expected. It is clear- 
ly possible in replacement reactions to also have cooperativ- 
ity involving a quaternary structural change from R to T. 

To make the above discussion more quantitative, we con- 
struct the generating function for the replacement reaction. 
If we define K x y  to be the equilibrium constant for the re- 
placement of Y by X on a subunit in methemoglobin in the 
oxyquaternary (R) structure, the generating function for 
the binding of X by Hb+(Y)4 is: 

where the concentration of X is relative to that of Y. If the 
total concentration of Y is much greater than the hemoglo- 
bin concentration, the free concentration of Y will remain 
constant during the course of the replacement reaction; 
such is the case when Y is H 2 0  and OH-  in a buffered so- 
lution. Equation 22 is of the same form as the generating 
function for oxygen binding to hemoglobin in the Monod- 
Wyman-Changeux model (Monod et al., 1968). To allow 
for the inequivalence between the CY and the 0 chains, a sim- 
ilar argument can be used to obtain an appropriately modi- 
fied form of eq 8. Such a generalization, although it would 
allow us to describe n values less than unity, is not made 
here because it would complicate the development without 
adding qualitative insight. From eq 22 it follows that the re- 
placement reaction is expected to be cooperative when (a) 
Lcy4 > 1 and cy  > CX, so that Lcx4 < 1; (b) Lcy4 < 1 and 
CY < CX, so that Lcx4 > 1. In case (a) the quaternary struc- 
ture changes from deoxy to oxy in the replacement reaction 
and in case (b) it changes from oxy to deoxy. It is important 
to note that in eq 22 we expect c,ff = cX/cy to be much 
larger than the value appropriate for oxygenation (c 5 
0.01). To illustrate the nature of the cooperative behavior 
for such large values of c, we plot in Figure 3 n and log ~ 1 1 2  

vs. L ( L  = L ,  = Lcy4) for teff = 0.15, 0.2, 0.25, and 0.3. 
We note the maximum n value is less than 1.6 and that the 
range of L values over which the system is cooperative is 

small relative to that for hemoglobin oxygenation. 
We now apply the theory outlined above to the reaction 

to methemoglobin at  low and high pH with F- and N3- for 
which data have been obtained recently by Banerjee et al. 
(1973a). In contrast to the valency hybrids, where experi- 
mental difficulties are likely to invalidate determinations of 
n (see sections 2 and 3), the methemoglobins are relatively 
more stable and better behaved so that n values for the re- 
placement reactions (even for n near unity) should be 
meaningful. At low pH (pH 6), methemoglobin exists in the 
aquomet form. Since c(Hz0) c(F-), we expect the reac- 
tion in which fluoride replaces H 2 0  to be noncooperative. 
This would mean n N 1 for equivalent chains or a value 
slightly less than unity for inequivalent chains. The experi- 
mental value of n a t  pH 6 is 0.92 (Banerjee et al., 1973a). 
For the reaction of aquomethemoglobin with azide, the 
value of c,ff = [ c ( N ~ - ) / c ( H ~ O ) ]  N 0.18 so that coopera- 
tivity (n > 1.2) is possible for log L ,  between -0.5 and 2.8 
(see Figure 3). Experimentally (Banerjee et al., 1973a), it is 
found that n = 1.4 for this reaction, indicating that under 
the experimental conditions aquomethemoglobin is more in 
the T state while azomethemoglobin is primarily in the R 
state (case (a) mentioned above). For the L value corre- 
sponding to hemoglobin at  pH 7 ( L  = 2 X lo5) and 
c(H2O) 0.06 from above and the previous section, we 
find L ,  N 2.6, which yields n N 1.3 from Figure 3 in satis- 
factory agreement with experiment. At high pH (9) the sit- 
uation is different since methemoglobin exists in the hy- 
droxymet form. For this pH, the reaction with azide is pre- 
dicted to  be noncooperative since c(N3-) N c(0H-) .  How- 
ever, the reaction with F- shwld  be slightly cooperative 
(c(F-)/c(OH-) N 2.3) (case (b)). This is in accord with 
the experimental observations of Banerjee et al. (1973a), 
who find that n equals 1.02 for the azide reaction and 1.15 
for the fluoride reaction at  high pH. 

From Figure 3 we note that, because c,ff is near unity, 
the cooperativity in the replacement reactions is very sensi- 
tive to the value of L ,  and, therefore, to that of L. One way 
of altering L is to vary the concentration of phosphates. It 
would be of interest to examine the changes in cooperativity 
of the different replacement reactions under completely 
stripped conditions (Le., in the absence of phosphate buffer) 
as well as a t  high concentrations of 2,3-diphosphoglycerate. 
In both limits for certain cases, the n values might be signif- 
icantly reduced relative to those found by Banerjee et al. 
(1 973a). This sensitivity to external conditions might well 
account for the fact that some workers (Epstein and Stryer, 
1968) have not observed cooperativity in the replacement 
reactions. 

(5) Oxidation-Reduction Equilibrium of Hemoglobin 
In this section, we employ the allosteric model of section 

1 to relate the oxygenation and oxidation of hemoglobin. 
The essential element of the argument is that the parameter 
L is unique for a given hemoglobin under a set of condi- 
tions, while both c and K depend on the reaction taking 
place. As already described in sections 3 and 4, the high- 
spin oxidized subunits of aquomethemoglobin have an inter- 
mediate tertiary structure in the deoxyquaternary state, so 
that the parameter c is larger than that for oxygenation. 
This means that the quaternary structure of aquomethemo- 
globin is less shifted toward the oxy form than is fully oxy- 
genated hemoglobin. These ideas are sufficient for a quali- 
tative understanding of the redox properties of hemoglobin. 
The interpretation given here is in essential agreement with 
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Basic ideas of catalysis



Carbonic anhydrase

ion. The proton generated is released to bulk water or some external buffer at the
rate of the catalysis. To achieve this, the most active form of the enzyme has a his-
tidyl residue in the active site that functions as a local temporary buffer molecule.
This histidyl residue is not hydrogen bonded to other residues and is free to rotate
and release the proton generated. This His is not immediately beside the zinc-bound
water molecule, but a few water molecules act as bridges for the proton transfer. 

The size of the active site pocket does not limit the rate of diffusion of substrate
and product molecules. To perform catalysis rapidly, an enzyme should neither
bind the substrate nor the products strongly nor require conformational changes.
This is exactly the secret of carbonic anhydrase. The enzyme forces the substrate
to bind in an unexpected way. The active site requires that ligands to the zinc ion
are protonated due to the placement of an obligate hydrogen acceptor close to the
metal (Fig. 5.2). This hydrogen acceptor has been called “the gate keeper” and is
the OH of Thr199, where the hydrogen is already occupied in a strong hydrogen
bond to Glu 106. This prevents the substrate, bicarbonate, from binding with a
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suggesting that the transition states of the catalytic mechanism are very similar.
Thus one could say that the existence of the carbonic anhydrases is an example of
convergent evolution — the wheel has been invented three or more times.

5.2 Ribonucleotide Reductase — A Highly Regulated Enzyme

Ribonucleotide reductase (RNR) is the enzyme that replaces the 2’OH of ribonu-
cleotides with a hydrogen atom to form deoxyribonucleotides (Fig. 5.3). This is
how the building blocks for the synthesis of DNA are produced. The evolution of
this enzyme was a crucial step in the transition from the RNA world to the DNA
world. The generation of the different dNTP or dNDP nucleotides is strictly regu-
lated through an allosteric mechanism. A cysteine residue in the protein, which is
converted to a thiyl radical, is a central component in the catalysis. 

There are three classes of RNRs: I, II and III (Fig. 5.4). They differ in the way
they interact with oxygen and the way they generate stable or transient radicals
that in turn generate the thiyl radical (Table 5.1). For the multisubunit class I and
III enzymes, the thiyl radical is generated by an activating subunit that is not
involved in catalysis, whereas in class II it is generated directly on the catalytic
subunit by the cleavage of adenosylcobalamin. The required electrons are also
provided from different sources. Class I requires oxygen for the generation of the
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5.2.1.2 The regulation of enzyme activity

As stated above, RNRs have one, sometimes two, sites that regulate the activity to
provide balanced amounts of deoxyribonucleotides for the cell. The overall activ-
ity site (Fig. 5.6) is not always present. When ATP is bound the activity is stimu-
lated, but when dATP is bound the activity is inhibited. The mechanism for this is
not yet clear. 

The substrate specificity, or effector, site is far from the active site within the
class I subunit. However, in the dimer it is across the subunit interface from
the active site (Fig. 5.6). At first glance, this arrangement seems impossible for the
monomeric class II version of the enzyme, but in these enzymes a small, inserted
domain mimics the essential parts of the substrate specificity site of the missing
subunit (Fig. 5.4). The most conclusive experiments, with nucleotides bound to
both sites, have been performed on a dimeric class II enzyme (Fig. 5.7). The pairs
dTTP-GDP, TTP-GDP, dGTP-ADP, dATP-CDP, dATP-UDP, AMPPNP-CDP and
AMPPNP-UDP have all been studied. 

The sugars and the phosphates of both nucleotides are bound in the same way
and with the same interactions to the protein in the different complexes. This
enhances the possibility for the nucleotide at the effector site to affect the nucleotide
binding to the active site. Loop 1 interacts solely with the nucleotide bound to the
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enzymes. Right: Details of the binding site for effector (dTTP) and substrate (GDP). The illustra-
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FIGURE 5.9 � A comparison of the conformation of loop 2 and the locations of the key residues
Lys202 and Gln203 between the effector site and the active site for three complexes of RNR
class II. (PDB:1XJN and 1XJK; colors as in Fig. 5.8.) (Reprinted with permission from Larsson KM
et al. (2004) Structural mechanism of allosteric substrate specificity regulation in a ribo-
nucleotide reductase. Nature Struct Mol Biol 11: 1142–1149. Copyright (2004) Nature.)
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a buffer at raised pH (see Methods). At low pH, His 57 is pro-
tonated, and the attached water molecule4 (Wat 317 in Fig.1a)
is a hydrogen bond acceptor from His 57. Raising the internal
pH of the crystalline acyl–enzyme complex deprotonates
His 57, changing the donor-acceptor relationship with Wat
317, thereby triggering deacylation (Fig. 1). After a given time
at an elevated pH, each crystal was flash frozen in liquid nitro-

gen. The experiments were repeated several times, and X-ray
diffraction data recorded from a number of crystals (represen-
tative experiments shown in Fig. 1). Difference Fourier maps
(for example, Fig. 1b), omit maps, the ARP/REFMAC6 proce-
dure and SIGMAA-weighted refined 2mFo – DFc electron den-
sity maps7 (Fig. 1) were used extensively in interpreting the
structural data.

a

b

c

d

Fig. 1 Hydrolysis of the acyl–enzyme intermediate formed between β-casomorphin-7 (YPFVEPI) and porcine pancreatic elastase. Scheme shows the
deacylation reaction in which His 57 orients and deprotonates a nearby water molecule (Wat 317) to give a hydroxide that attacks the ester carbonyl,
leading to the formation of the tetrahedral intermediate and subsequent product release. a, Refined 2mFo – DFc electron density map at 1.6 Å reso-
lution, showing the acyl–enzyme complex at pH 5 (data set 1, Table 1, see also http://www.ocms.ox.ac.uk/~rupert for atomic resolution structures).
Ile 7 of the peptide is linked to Ser 195 in the active site, Glu 5 is present in two conformers and residues further away from the active site are disor-
dered4. A water molecule (Wat 317) hydrogen-bonded to His 57 lies ‘poised’ for catalytic attack onto the covalent ester bond (water to carbonyl car-
bon distance = 3.2 Å). The carbonyl oxygen of the ester points into the oxyanion hole, forming hydrogen bonds with the backbone amides of Gly 193
and Ser 195. b, Difference Fourier map at 1.4 Å resolution, showing accummulation of the tetrahedral intermediate captured a minute after raising
the pH of the crystal from pH 5 to pH 9 (data set 3, Table 1). Map calculated with coefficients Fo,tetra – Fo,acyl and phases from the refined structure of the
acyl–enzyme complex in (a). All significant features of the difference map were clustered in the active site and were recovered upon refinement in
(c). c, Refined 2mFo – DFc electron density map at 1.4 Å resolution for the assigned tetrahedral intermediate shown in (b). The tetrahedral oxyanion
forms hydrogen bonds to the oxyanion hole and to a putative solvent molecule (Wat 318), which, in turn, forms a hydrogen bond with Thr 41.
d, Refined 2mFo – DFc electron density at 2.05 Å resolution, showing the active site 2 min after a jump to pH 10 (data set 4, Table 1). The peptide is
released at this stage. A water molecule reappears in a position close to the position of the catalytic water (Wat 317) in (a). All refined electron den-
sity maps are contoured at 1.2 σ, where σ represents the root mean square (r.m.s.) electron density for the unit cell. Coloring scheme is defined as
refined peptide = gold, and density covering the peptide and the two water molecules = blue. The difference Fourier map in (b) is contoured at half
of the maximum peak height (±4 σ): positive density = blue, negative density = red and peptide = gray (unrefined).
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317, thereby triggering deacylation (Fig. 1). After a given time
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tative experiments shown in Fig. 1). Difference Fourier maps
(for example, Fig. 1b), omit maps, the ARP/REFMAC6 proce-
dure and SIGMAA-weighted refined 2mFo – DFc electron den-
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Fig. 1 Hydrolysis of the acyl–enzyme intermediate formed between β-casomorphin-7 (YPFVEPI) and porcine pancreatic elastase. Scheme shows the
deacylation reaction in which His 57 orients and deprotonates a nearby water molecule (Wat 317) to give a hydroxide that attacks the ester carbonyl,
leading to the formation of the tetrahedral intermediate and subsequent product release. a, Refined 2mFo – DFc electron density map at 1.6 Å reso-
lution, showing the acyl–enzyme complex at pH 5 (data set 1, Table 1, see also http://www.ocms.ox.ac.uk/~rupert for atomic resolution structures).
Ile 7 of the peptide is linked to Ser 195 in the active site, Glu 5 is present in two conformers and residues further away from the active site are disor-
dered4. A water molecule (Wat 317) hydrogen-bonded to His 57 lies ‘poised’ for catalytic attack onto the covalent ester bond (water to carbonyl car-
bon distance = 3.2 Å). The carbonyl oxygen of the ester points into the oxyanion hole, forming hydrogen bonds with the backbone amides of Gly 193
and Ser 195. b, Difference Fourier map at 1.4 Å resolution, showing accummulation of the tetrahedral intermediate captured a minute after raising
the pH of the crystal from pH 5 to pH 9 (data set 3, Table 1). Map calculated with coefficients Fo,tetra – Fo,acyl and phases from the refined structure of the
acyl–enzyme complex in (a). All significant features of the difference map were clustered in the active site and were recovered upon refinement in
(c). c, Refined 2mFo – DFc electron density map at 1.4 Å resolution for the assigned tetrahedral intermediate shown in (b). The tetrahedral oxyanion
forms hydrogen bonds to the oxyanion hole and to a putative solvent molecule (Wat 318), which, in turn, forms a hydrogen bond with Thr 41.
d, Refined 2mFo – DFc electron density at 2.05 Å resolution, showing the active site 2 min after a jump to pH 10 (data set 4, Table 1). The peptide is
released at this stage. A water molecule reappears in a position close to the position of the catalytic water (Wat 317) in (a). All refined electron den-
sity maps are contoured at 1.2 σ, where σ represents the root mean square (r.m.s.) electron density for the unit cell. Coloring scheme is defined as
refined peptide = gold, and density covering the peptide and the two water molecules = blue. The difference Fourier map in (b) is contoured at half
of the maximum peak height (±4 σ): positive density = blue, negative density = red and peptide = gray (unrefined).
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dered4. A water molecule (Wat 317) hydrogen-bonded to His 57 lies ‘poised’ for catalytic attack onto the covalent ester bond (water to carbonyl car-
bon distance = 3.2 Å). The carbonyl oxygen of the ester points into the oxyanion hole, forming hydrogen bonds with the backbone amides of Gly 193
and Ser 195. b, Difference Fourier map at 1.4 Å resolution, showing accummulation of the tetrahedral intermediate captured a minute after raising
the pH of the crystal from pH 5 to pH 9 (data set 3, Table 1). Map calculated with coefficients Fo,tetra – Fo,acyl and phases from the refined structure of the
acyl–enzyme complex in (a). All significant features of the difference map were clustered in the active site and were recovered upon refinement in
(c). c, Refined 2mFo – DFc electron density map at 1.4 Å resolution for the assigned tetrahedral intermediate shown in (b). The tetrahedral oxyanion
forms hydrogen bonds to the oxyanion hole and to a putative solvent molecule (Wat 318), which, in turn, forms a hydrogen bond with Thr 41.
d, Refined 2mFo – DFc electron density at 2.05 Å resolution, showing the active site 2 min after a jump to pH 10 (data set 4, Table 1). The peptide is
released at this stage. A water molecule reappears in a position close to the position of the catalytic water (Wat 317) in (a). All refined electron den-
sity maps are contoured at 1.2 σ, where σ represents the root mean square (r.m.s.) electron density for the unit cell. Coloring scheme is defined as
refined peptide = gold, and density covering the peptide and the two water molecules = blue. The difference Fourier map in (b) is contoured at half
of the maximum peak height (±4 σ): positive density = blue, negative density = red and peptide = gray (unrefined).
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The acyl–enzyme intermediate at pH 5
The refined 2mFo – DFc electron density map of the PPE–BCM7
acyl–enzyme complex (Fig. 1a) indicates that the complex is stable
at pH 5. The occupancy of the peptide was refined to 84%, based
on the assumption that the occupancy of the Oγ oxygen of Ser 195
was 100% and that the B-factor of the covalently bound carbonyl
carbon of the peptide was not significantly different from the 
B-factor of the Oγ oxygen atom. Continuous electron density for
the covalent ester bond to Ser 195 and for the four 
C-terminal residues of the heptapeptide is visible within the active
site. The peptide substrate is attached via hydrogen bonds to an
antiparallel β-strand (residues 214–217) in the active site cleft. As
with the reported 1.90 Å structure4, the three N-terminal residues
of BCM7 are disordered in the present 1.60 Å structure (Fig. 1a).
The ester carbonyl has a planar geometry and is located in the
oxyanion hole with hydrogen bond distances of 2.7 Å and 2.8 Å
(Fig. 2a,b) from the oxygen to the amide nitrogens of Gly 193 and
Ser 195, respectively. A water molecule (Wat 317, B-factor =
17.0 Å2) was determined to be the hydrolytic water4, poised for
hydrolytic attack on the carbonyl carbon of the acyl–enzyme ester
linkage. However, this water is in a different position to those 
suggested by inhibitor studies8,9. Indeed, the position of the
hydrolytic water in the pioneering work of Singer et al.8 is likely to
be mechanistically impossible for a peptide substrate because it
overlays the peptide backbone4,9. The distance between Wat 317
and the carbonyl carbon in the 1.60 Å structure is 3.2 Å.

The original PPE–BCM7 structure suggested that the ester car-
bonyl might be slightly distorted away from planarity4, but the
present higher resolution (and higher occupancy) structure shows
no significant pyramidal distortion. This finding is further cor-
roborated by two atomic resolution structures (refined to 0.95 Å
and 1.05 Å resolution) of the acyl–enzyme complexes formed
between PPE and BCM7 or between PPE and a BCM7 derivative
(AcNPI), which reveal no significant tetrahedral distortion of the

ester at pH 5 (unpublished data; coordinates available
from http://www.ocms.ox.ac.uk/~rupert). No geomet-
ric restraints were applied to the ester linkage in these
structures. In the present studies, the acyl–enzyme and
the tetrahedral intermediates (data sets 1 and 3 of
Table 1) were refined with very weak geometrical
restraints (the weights were reduced to ∼10% of the
values used for conventional refinements of related
compounds). This strategy allowed the models to
adopt conformations consistent with observations.

The deacylation reaction triggered at high pH
Hydrolysis of the acyl–enzyme complex was initiated by short
pH jumps. A jump to pH 10 for 10 s (data set 2, Table 1) was too
short to reveal conclusive changes in the active site (PDB code
1HAY; data not shown). Electron density maps from a crystal
flash frozen 1 min after immersing it in a buffer of pH 9 are
shown in Fig. 1b,c. Features of the difference Fourier map
(Fig. 1b) were recovered in the refined 2mFo – DFc electron den-
sity map at 1.4 Å resolution (Figs 1c, 2c,d). The refined map
shows continuous electron density from Ser 195 extending to Ile
7 but disjointed electron density elsewhere. The difference map
(Fig. 1b) and the refined 2mFo – DFc electron density map (Fig.
1c) suggest the accumulation of a tetrahedral intermediate in the
crystal. In this case, the occupancy of the peptide carbon atom
linked to the Oγ oxygen of Ser 195 refined to 73%, based on a
similar procedure described for the acyl–enzyme intermediate
above. The plot of the B-factors for the peptide and the protein
in both the acyl–enzyme complex and in the tetrahedral inter-
mediate B-factors was obtained in a freeze-quenched crystal fol-
lowing a 1 min long pH jump to pH 9 (Fig. 3). The structure of
the accumulated tetrahedral intermediate at 1.40 Å resolution
shows increasing disorder along the peptide, with low crystallo-
graphic B-factors for the active site serine — 6.0 Å2 in the
acyl–enzyme intermediate and 8.0 Å2 in the tetrahedral interme-
diate (Fig. 3) — and increasing B-factors further along the pep-
tide. There is no detectable movement or disorder in residues
making up the oxyanion hole (Gly 193–Ser 195) (Figs 1a–c, 4;
compare Figs 2a,b with 2c,d). The average B-factor for residues
P1–P4 (for details see ref. 4) of the BCM7 peptide increased from
14 Å2 in the acyl–enzyme complex to 26 Å2 in the tetrahedral
intermediate (Table 1; Fig. 3).

The electron density map corresponding to the peptide is of
similar quality to maps from regions with similar B-factors
from elsewhere in the protein at this contour level. The maps

Fig. 2 Refined 2mFo – DFc electron density for the
acyl–enzyme intermediate and the assigned tetrahedral
intermediate. The maps are contoured at 1.2 σ, where σ rep-
resents the r.m.s. electron density for the unit cell. The pep-
tide is colored gold. a, Acyl–enzyme intermediate viewed
perpendicular to the plane of the oxyanion hole. b, Acyl
intermediate viewed from the plane of the oxyanion hole.
c,d, The tetrahedral intermediate from the same angles as
in (a) and (b). Nonbonded distances of 3.0 Å or shorter are
drawn as dotted lines. For the acyl–enzyme intermediate
(a,b), there is a possible hydrogen bond from His 57 to Wat
317. In the tetrahedral intermediate (c,d), a hydrogen bond
is possible between Wat 318 and the newly incorporated
oxygen. The dihedral angles for the model of the tetra-
hedral intermediate are as follows: Cα-C-Ocarbonyl = 113.0°;
Ocarbonyl-C-OH = 99.1°; Ocarbonyl-C-Oγ = 107.3°; Oγ-C-OH =
113.5°; Cα-C-OH = 117.8°; and Cα-C-Oγ = 105.8°, where Oγ
denotes the oxygen of Ser 195 in the active site, Ocarbonyl is
the former carbonyl oxygen atom from the acyl–enzyme
complex and OH is from the attacking water/hydroxyl ion.
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(Fig. 1b,c) are unlikely to reflect a mixture of the ester interme-
diate and the carboxylate product because the covalent bond
from Ser 195 to Ile 7 shows continuous electron density (car-
bonyl occupancy: 73%). Also, on longer soaks (Fig. 1d) there
was no evidence for accumulation of an enzyme–product com-
plex. The refined distances between the ‘oxyanion’ of the tetra-
hedral intermediate and the amide nitrogens of Gly 193 and
Ser 195 were 2.9 Å and 2.6 Å, respectively (Fig. 2d).
Furthermore, the oxyanion is positioned 3.0 Å from the car-
bonyl oxygen of Cys 191 (Fig. 1a). Similarly, the distances from
the amide nitrogens of Gly 193 and Ser 195 to the hydroxyl
oxygen of the tetrahedral intermediate were 3.1 Å and 3.9 Å,
respectively. A putative solvent molecule (Wat 318, B-factor =
45.2 Å2) is in hydrogen bonding distance to both the tetra-
hedral intermediate (2.8 Å) and the main chain carbonyl of
Thr 41 (3.0 Å) (Fig. 2c,d).

The 2mFo – DFc electron density map calculated from the data
collected 2 min following a jump to pH 10 (Fig. 1d) indicates
complete departure of the peptide from the active site
and that the electron density for the side chain of Ser
195 resembles that of the native enzyme. Electron den-
sity in a similar location to that observed for Wat 317
in the PPE–BCM7 structure (Fig. 1a) may reflect reen-
try of a water molecule into approximately the same
position as the hydrolytic water. This water molecule
had not been observed in the native elastase struc-
tures, presumably because a sulphate molecule from
the crystallization solution is normally observed in
this region of the active site where the histidine is pro-

tonated at lower pH values5,10. There is, however, no sulphate vis-
ible in the acyl–enzyme complex at this position at pH 5, and
sulphate binding would be unlikely to become more favorable at
this site at high pH values following peptide release (sulphate is a
hydrogen bond acceptor).

In the pH 5.0 structure of the acyl–enzyme complex
(Fig. 1a), residues P1 and P3 of the peptide form hydrogen
bonds to Ser 214 and Val 216, thereby ‘zipping’ the peptide to
the protein via an antiparallel β-sheet4. During deacylation the
distance from the amide nitrogen of Ile 7 to the carbonyl oxy-
gen of Ser 214 increases from 3.0 Å in the structure of the
acyl–enzyme complex to 3.3 Å in the tetrahedral intermediate.
A hydrogen bond between one of the two oxygen atoms of the
carboxylate of Asp 102 and the hydroxyl group on the side
chain of Ser 214 links the potential motion of His 57 (ref. 10)
generated during the formation of the tetrahedral intermediate
to residues Ser 214, Phe 215 and Val 216 (Fig. 4). This motion is
visible but small (∼ 0.2–0.4 Å in the present structures) in the

Fig. 3 Isotropic temperature factors in the acyl–enzyme complex and in the tetrahedral intermediate (b) formed between porcine pancreatic elastase
and human β-casomorphin-7. a, B-factors for the structure in Fig. 1a, where the PPE–BCM7 acyl–enzyme complex is stabilized at pH 5. Three N-ter-
minal residues are disordered. b, B-factors for the structure of the tetrahedral intermediate in Fig. 1c. This structure was obtained in a freeze-
quenched crystal following a 1 min long pH jump to pH 9. For data collection and refinement statistics, see Table 1.

Fig. 4 Structural changes within the peptide binding pocket
during catalysis. a, The active site cleft showing the location
of the peptide substrate (pink) in the acyl–enzyme complex
at pH 5. The enzyme is shown as a gray space filling model
with Ser 195 (green), His 57 (purple) and Asp 102 (brown)
highlighted. b, Model of the protein–peptide complex at
pH 5 (pink) overlaid with the model of the tetrahedral inter-
mediate (blue) (see Methods) . A circle highlights the active
site Ser residue under the bound peptide. Both Wat 318 and
hydrogen bonds between enzyme and peptide are red in the
acyl–enzyme complex and blue in the tetrahedral intermedi-
ate. During product release, the loop formed by residues
217–219 (immediately below the binding pocket) moves so
as to partially fill a space previously occupied by the peptide.
Arg 217 takes up a position similar to that found in the
native unliganded structure (1QNJ)5.
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Cytochrome P450 hydroxylates many substrates

The Catalytic Pathway of
Cytochrome P450cam at

Atomic Resolution
Ilme Schlichting,1* Joel Berendzen,2 Kelvin Chu,2† Ann M. Stock,3

Shelley A. Maves,4 David E. Benson,4 Robert M. Sweet,5

Dagmar Ringe,6 Gregory A. Petsko,6 Stephen G. Sligar1,4

Members of the cytochrome P450 superfamily catalyze the addition of mo-
lecular oxygen to nonactivated hydrocarbons at physiological temperature—a
reaction that requires high temperature to proceed in the absence of a catalyst.
Structures were obtained for three intermediates in the hydroxylation reaction
of camphor by P450cam with trapping techniques and cryocrystallography. The
structure of the ferrous dioxygen adduct of P450cam was determined with 0.91
angstrom wavelength x-rays; irradiation with 1.5 angstrom x-rays results in
breakdown of the dioxygen molecule to an intermediate that would be con-
sistent with an oxyferryl species. The structures show conformational changes
in several important residues and reveal a network of bound water molecules
that may provide the protons needed for the reaction.

Cytochrome P450 enzymes are ubiquitous
heme-containing monooxygenases named for
the absorption band at 450 nm of their carbon
monoxide (CO) form (1). They are involved
in a number of vital processes including car-
cinogenesis and drug metabolism as well as
the biosynthesis of steroids or lipids and the
degradation of xenobiotics (2), making them
potentially useful in, e.g., bioremediation or
synthesis. They are the biological equivalent
of a blowtorch: P450 enzymes catalyze the
stereospecific hydroxylation of nonactivated
hydrocarbons at physiological tempera-
ture—a reaction that, uncatalyzed, requires
extremely high temperatures to proceed, even
nonspecifically. The mechanism by which
these enzymes are able to activate oxygen to
carry out this difficult chemistry has long
been investigated, but many details have not
yet been established. In particular, the mech-
anism of activation of the bound oxygen mol-
ecule and the nature of the activated oxygen
species remain uncertain.

Structurally and biochemically, the best
characterized P450 is P450cam (3), which

catalyzes the regio- and stereospecific hy-
droxylation of camphor to 5-exo-hydroxy-
camphor according to the mechanism shown
in Fig. 1. P450cam was the first member of
the P450 superfamily whose three-dimen-
sional structure was determined, and both the

binary enzyme-substrate (2; throughout the
text, the bold numbers refer to species in Fig.
1) and enzyme-product (4) complexes have
been so characterized (4). Some features of
the dioxygen-bound or activated oxygen in-
termediates, in particular the geometry of the
six-coordinate low-spin heme, have been de-
duced from the structure of the ferrous
(FeII1) carbonmonoxy complex (3) of
P450cam (5). However, the binding of carbon
monoxide to heme is likely to be different in
a number of important ways from the binding
of oxygen (6 ), and regardless, carbon mon-
oxide is an inhibitor, not a substrate, of
P450cam. Hence, the primary evidence for
the structures of the ferrous enzyme-substrate
complex (5), the dioxy intermediate (6), and
the mysterious “activated oxygen” species (7)
that actually carries out the hydroxylation
derives from spectroscopic studies of various
P450s and model compounds (7 ) and from
analogy with other heme proteins such as
peroxidases (8).

The crystal structure of the oxygenated
(dioxy) intermediate (6) could not be deter-
mined previously because it decays with a
half-life of 10 min at 4°C in solution through
autooxidation (9). Similar obstacles have pre-
vented direct observation of the remaining
intermediates (5 and 7) by x-ray diffraction.
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mail: ilme.schlichting@mpi-dortmund.mpg.de
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Fig. 1. Reaction pathway of P450cam. The catalytic cycle of Pseudomonas putida P450cam consists
of reversible substrate binding, which converts the six-coordinate, low-spin met form [1 (4)] of the
protein to the five-coordinate, high-spin FeIII camphor complex [2 (4)]; addition of the first electron,
which reduces the enzyme to the five-coordinate FeII camphor complex (5); binding of molecular
oxygen to give the six-coordinate FeII-O2 dioxygen intermediate (6); addition of a second electron
and two protons followed by cleavage of the oxygen-oxygen bond to produce a molecule of water
and an oxidizing species, the so-called activated oxygen intermediate (7); and insertion of the
iron-bound oxygen into the substrate to produce 5-exo-hydroxycamphor [4 (4)] and product
release. The unnumbered oxygen species shown in dotted boxes between 6 and 7 represent other
possible species along the reaction pathway. Also shown is the previously determined complex of
P450.camphor.CO (6).
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Again, intermediates can be structurally characterized

of P450 using the x-ray beam itself.
Thus, after formation of the ferrous enzyme-

substrate complex (5) by diffusion of dithionite
and conversion to the dioxy intermediate (6) by
exposure to high partial pressure of O2, three
x-ray data sets (s1, s2, and s3) were collected
from P450.cam.O2 crystals frozen in liquid ni-
trogen and kept at 88 to 100 K during data
collection. The first (s1) was collected with
short-wavelength x-rays to minimize reduction,
thereby keeping the P450.cam.O2 concentration
as high as possible. (It is this consideration that
prohibits our use of the Laue method: The
white radiation would reduce the P450.cam.O2

complex while we were trying to observe it.)
The second data set (s2) was collected after
illuminating the same crystal for 3 hours with
long-wavelength x-rays to produce a larger
number of hydrated electrons, thereby driving
the reaction from the dioxygen species (5) to-
ward the reduced, activated oxygen intermedi-
ate (6). The third (s3) was collected after
thawing and refreezing this crystal. This final
data set should—and indeed does—corre-
spond to the product complex (7). Specific
details for each experiment are given in Ta-
bles 1 to 3 and the figure legends. All structures
were determined by molecular replacement
with the known structure of the oxidized
camphor.P450cam complex (4) as a probe and
were refined as described (Tables 1 to 3).

The starting point: Structure of the fer-
ric P450-camphor complex (2). Apart from
slight changes in the positions of some sur-
face loops and the presence of a bound tris
molecule, the overall structure of the FeIII-
P450.cam complex (2) in the monoclinic
form is very similar to that determined by
Poulos and co-workers [Protein Data Bank
(PDB) code 2CPP] using an orthorhombic
crystal form (4 ). The heme group is co-
valently attached through its iron to the thio-
late sulfur of Cys357. The heme is ruffled and
the five-coordinate iron atom is out of the
porphyrin plane by 0.3 Å. Camphor is orient-
ed in the distal heme pocket by a single
hydrogen bond (2.9 Å) between its carbonyl
oxygen atom and the side-chain hydroxyl of
Tyr96. The Thr101 side chain is rotated com-
pared with 2CPP and forms a hydrogen bond
(2.7 Å) to the carboxylate of the propionic
acid of the D pyrrole. The hydrogen bond
between the hydroxyl group of Tyr96 and the
carbonyl oxygen of camphor shortened to 2.5
Å (2.9 Å in 2CPP), resulting in a small
movement of camphor away from the sixth
ligand position. No acidic or basic groups are
positioned near the C5 of camphor or the
vacant sixth coordination position of iron, nor
are ordered water molecules observed near
this position.

Addition of the first electron: Structure
of the ferrous P450-camphor complex (5).
Single electron reduction of FeIII-P450.cam (2)
to the FeII form (5) is the first step in the process

of oxygen activation. The requisite electron
was supplied chemically by dithionite, fol-
lowed by freeze-quenching to stabilize the
reduced complex, thus preventing autooxida-
tion to the inactive ferric form (Fig. 1). As
predicted from spectroscopic studies (18), the
structures of the reduced (5; Fig. 2A) and oxi-
dized (2) forms are very similar. No change in
the salt link between Arg112, His355, and the
heme 6-propionic group is observed (19). The
bond length between the iron and the axial
thiolate ligand refined to 2.2 Å. However, the
resolution of these crystal structures prevents a
precise determination of changes in its length
(estimated distance error 6 0.2 Å). Again, no
ordered water molecules are found near the
vacant sixth position.

Binding of molecular oxygen: Structure
of the ternary P450.cam.O2 complex (6).
Diffusion of molecular oxygen into the re-
duced enzyme crystals produced the dioxy-
gen intermediate as indicated spectroscopi-
cally (Fig. 3). The structure of this unstable
ternary P450.cam.O2 complex [(6); Fig. 2B;
Tables 1 to 3] was determined with short-
wavelength x-rays to minimize x-ray radioly-
sis. Diatomic oxygen is bound end-on (h1) to
the heme iron (Table 4) with the distal oxy-
gen atom pointing toward Thr252. Because
O2 binds more bent than CO (Table 4), the
sterically induced displacement of camphor
upon ligand binding is smaller for O2 than for
CO (6); nevertheless, some displacement is
observed, providing additional evidence for the

A

B

C

Fig. 2. Stereoviews of electron densities of the different P450 complexes. Map coefficients and
contour level are given in parentheses. (A) Reduced form (5) (sA weighted 2Fobs 2 Fcalc, 1.3s). (B)
Dioxygen complex (6) (simulated annealing omitting the O2 coordinates, Fobs 2 Fcalc, 3s). (C) Final
model of P450.cam.O2; the density for WAT901 and WAT902 is blue (sA weighted 2Fobs 2 Fcalc,
1.3s). See text for discussion. The iron is shown as a purple sphere in this and subsequent figures.
Figures were generated with Bobscript (34) and Raster 3D (35).
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Catalysis by cytochrome P450

density at the position of the distal oxygen
atom of the O2 molecule. Because the differ-
ences are small, the interpretation and refine-
ment of the corresponding models were not
straightforward. The criteria for the—obvi-
ously intertwined—validity of the interpreta-
tion and the convergence of the refinement
were the consistency with the “objective”
nonbiased Fobs(s1) 2 Fobs(s2) difference
peaks, the absence of Fobs(s2) 2 Fcalc(s2)
difference electron density in the refined
model, reasonable temperature factors, and
chemically sensible distances.

The difference map suggests that O–O bond
cleavage has occurred, leaving a single oxygen
atom on the heme iron. Simulated annealing
omit maps indicate that the conversion is not
complete (Fig. 5B). The electron density is too
small to accommodate two oxygen atoms, but
the elongation of the density could originate
from residual O2. Nevertheless, the electron
density (Fig. 5C) is most consistent with an
oxy-iron (7) species similar to that observed by
time-resolved x-ray diffraction studies of the
compound I intermediate in cytochrome c per-
oxidase and catalase (21). A single oxygen
atom bound to the heme iron at ;1.65 Å dis-
tance—substantially closer than the normal
Fe–O single-bond distance of 1.8 Å—provided
the best fit to the observed electron density. The
occupancy of the putative oxyferryl oxygen

refined to 60% with a temperature factor of 13
Å2, the temperature factor of the iron being 14
Å2 and that of the camphor C5-atom being 18
Å2. There seems to be a new water molecule
WAT903 (occupancy 70%, temperature factor
26 Å2) close to the oxyferryl oxygen (2.5 Å),
the hydroxyl of Thr252 (2.5 Å), and the carbon-
yl of Gly248 (2.9 Å), which might be the leaving
water molecule produced after O–O bond scis-
sion. WAT901 and WAT902 are absent or
disordered. The bond distance between the
heme iron and the axial thiolate is similar to the
one in the oxy complex. Camphor moves by
about 0.2 Å toward the heme iron, which is still
slightly above the porphyrin plane. This shift of
the substrate is consistent with the disappear-
ance of the distal oxygen atom of O2, which
provided a steric barrier. For product formation,
C5 must be attacked by the oxygen atom bound
to the heme iron, possibly in an oxygen rebound
mechanism (22), so the movement of camphor
makes sense chemically.

There are two concerns about this struc-
ture. First, because the rate-limiting step in
P450cam is the second electron transfer from
putidaredoxin (see Fig. 1), the activated ox-
ygen intermediate (7) normally does not ac-
cumulate, so why might it be observable
here? Perhaps either the restraints on P450
flexibility imposed by the crystal lattice or
the unusual source of electrons, or both, com-

bine with the low temperature to change the
rate-limiting step. Second, because whatever
has occurred is only partially complete, there
is likely to be a mixture of species present,
which greatly complicates the interpretation.
The data show that the predominant species
appears to have only a single oxygen atom
bound to the iron, but they cannot distinguish
between the activated intermediate and, say, a
water- or hydroxide-bound heme (met). How-
ever, we do not favor an interpretation that
assigns the major species to be the met form,
because the iron atom is expected to be out of
the porphyrin plane on the proximal side in
such a complex (4), and this structure still has
the iron slightly above the porphyrin nitrogens.
(The interpretation of the residual electron den-
sity below the heme plane in Fig. 5B is unclear;
it may indicate anisotropic motion of the iron.)
At this point, although the evidence favors the
x-ray reduction experiment having produced
substantial occupancy of an intermediate on the
P450 catalytic pathway, we cannot prove this
conclusion and other interpretations remain
possible.

Formation of product: Structure of the
complex obtained after warming the radio-
lytically treated crystals (4). To check if the
intermediates we observed are productive, we
thawed the radiolytically treated crystals for
about 30 s and collected a third data set (s3)
(Tables 1 to 3). Thawing and refreezing are
accompanied by nonisomorphism, so the
structure was determined by molecular re-
placement. This experiment was repeated
with several crystals because the procedure
produces disorder. In general, all of the struc-
tures show electron density extending from
the camphor C5 toward the heme iron, which
is still in the porphyrin plane, and are thus
consistent with the product complex, 5-exo-
hydroxycamphor (4). These structures are
similar to that determined by Poulos and
co-workers from co-crystals of P450cam with
5-exo-hydroxycamphor (23). This agreement
includes a change in the position of the
Asp251 carbonyl, which has flipped back to
the original position observed in ferric
P450.cam. We confirmed chemically the x-
ray–induced generation of 5-exo-hydroxy-
camphor from frozen P450.cam.O2 solutions
using gas chromatography (24 ).

The P450 reaction has an alternate chem-
ical route than two-electron reduction and O2

binding. This is the peroxide shunt, from the
FeIII camphor complex (2) to the activated
oxygen intermediate (7) (Fig. 1). Peroxide
can be generated by x-ray radiolysis of water,
so we cannot exclude that at least some of the
product we observe arises through this route.

The catalytic pathway of P450cam at
atomic resolution: Implications for the
mechanism. There is evidence to suggest
that these structures represent productive in-
termediates on the catalytic pathway of

A

B

Fig. 4. (A) Stereoview of comparison of the camphor complexes of ferrous (dark gray and dark blue
water molecules) and ferrous dioxygen-bound (light gray and cyan water molecules) P450. Upon
oxygen binding, camphor is displaced, two new water molecules bind, the backbone carbonyl group
of Asp251 flips, and the backbone amide of Thr252 rotates as does its side chain. (B) The interactions
of the two new water molecules and the water chain extending from the first new water molecule
to Glu366. Figures were generated with Bobscript (34) and Raster 3D (35).
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Catalysis by cytochrome P450

residues and catalytic water molecules (25),
but rather as a “carbonyl switch” that stabi-
lizes WAT901. In the ferric and ferrous forms
of wild-type P450cam, there are no strong
interactions between Asp251 and Asn255 (Fig.
4A), allowing the carbonyl oxygen of Asp251

to flip so as to interact with the amide and
amino groups of Asn255 upon dioxygen bind-
ing (Fig. 4A). This flip is accompanied by
rotation of the amide nitrogen of Thr252 to-
ward the active site, thereby providing an
additional hydrogen bond that stabilizes
WAT901.

Replacement of Thr252 leads to a large frac-
tion of uncoupling. However, high activity is
retained in the Thr252 3 Ser (T252S) mutant
and in an artificial mutant that has a methoxy
group in place of the hydroxyl group (31).
Therefore, it was concluded that the role of
Thr252 in the reaction mechanism is to provide
a hydrogen bond. This is confirmed by the
structures presented here: Thr252 is in hydro-
gen-bonding distance to the bound dioxygen

and to WAT901, a water molecule seen only in
the P450.cam.O2 complex (6; Fig. 2C). In the
P450(T252A).cam.FeIII complex (32) (PDB
entry 2CP4), a similar “flipped” conformation
of Asp251 and Thr252 has been observed. In this
case, the carbonyl of Asp251 rotated by about
120° and is stabilized by an interaction with the
main chain amide nitrogen of Asn255. In addi-
tion, there is a new water molecule (WAT720)
in the mutant that is in hydrogen-bonding dis-
tance to the carbonyl oxygen of Gly248.
WAT7202CP4 binds roughly 1 Å from the po-
sition of WAT901 and is located farther away
from the groove, perhaps because of a lack of
stabilization by the hydroxyl group of Thr252.
The oxygen-independent binding and misposi-
tioning of the water molecule in the T252A
mutant may be the cause for uncoupling.

There are two water molecules unique for
the P450.cam.O2 complex (6; Fig. 2C) that are
not observed in the possible P450.cam.
oxyferryl structure (7; Fig. 5C). Therefore, we
interpret them as part of the proton delivery

pathway. As described, WAT901 is stabilized
indirectly by Asp251, whereas WAT902 is part
of a water chain that extends from Thr252 to the
highly conserved Glu366. Mutation of Glu366 to
methionine shows little influence on activity
(26), implying that it does not play a major role
in catalysis. On the basis of the structure of the
ferric complex of camphor with the T252A
mutant (32) and on the structures presented
here, we speculate that the role of Glu366 might
be to “anchor” the water chain.

Both WAT687 and the interaction between
the hydroxyl group of Thr252 and the carbonyl
group of Gly248 help to stabilize the distal helix
in an energetically strained conformation,
which seems to be essential to catalysis and to
prevent uncoupling. Raag et al. (32) suggest-
ed—as confirmed in the structures presented
here—that O2 binding could initiate a distal I
helix rearrangement, thereby promoting bind-
ing of a water molecule used in the proton
delivery path. (Indeed, both new water mole-
cules WAT901 and WAT902 could not bind to
the ferric complex, if only for steric reasons.)
As required for this proton delivery mechanism,
the side chain of Thr252 rotates to interact with
both the bound dioxygen molecule and the new
water molecules WAT901 and WAT902,
which could be the ones required to donate
protons for catalysis, as predicted from proton
inventory experiments (25).

The structures presented here should pro-
vide valuable reference points for modeling this
reaction, either computationally or by the de-
sign and synthesis of model compounds. Be-
cause some of the most important reactions in
drug metabolism and in the chemical industry
involve hydroxylation of unactivated carbon
compounds, understanding the P450 reaction
has important practical consequences.

Note added in proof: Newcomb et al. (33)
have obtained evidence for the existence of
two electrophilic oxidants in the natural
course of P450 oxidation reactions, a hy-
droperoxo-iron species as well as the iron-
oxo species. Partial occupancy of a hydroper-
oxo-iron species could be responsible for the
residual electron density seen in the structure
of the putative activated oxygen intermediate,
and for elongated electron density observed
on the iron atom in the second of the two
molecules in the asymmetric unit.
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Fig. 6. Stereoviews of comparison of the structures of the ferric camphor complex of wild-type
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generated with Bobscript (34) and Raster 3D (35).
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Respiration, again

In 1961 Peter Mitchell (Nobel laureate for chemistry, 1978) proposed the following
essential features:

• the energy transfer intermediate, linking oxidations and ATP synthesis, is a
transmembrane ion gradient,

• the ions involved in the gradient are protons (or H3O
+).

These two concepts form the essential postulates of the chemiosmotic theory.
The term “chemiosmosis” signifies the link between chemical reactions and energy
stored in a transmembrane gradient (“osmotic energy”). Thus, according to
Mitchell, the energy released during the transport of electrons along the carrier
chain is conserved in an H+ gradient and an electrical gradient, which then drives
the oxidative phosphorylation. As the electrons flow down the electron transport
chain, H+ is expelled from the inside membrane of the mitochondrion to the inter-
membrane space (Fig. 5.11). This results in a rise in pH on the inside and a fall in
pH on the outside of the inner membrane — a pH gradient is generated and main-
tained. The electric potential also rises across the membrane because more positive
H+ ions are on the outside than on the inside. These two processes, the build-up of
a pH gradient and an electric potential, imply an increase in Gibbs energy that
Mitchell called a protein motive force that we will now discuss in more detail.

The proton motive force is thus generated across the inner membrane of mito-
chondria in humans and animals, in the inner membrane of chloroplasts in plants,
and over the plasma membrane of aerobic bacteria. The chemiosmotic mechanism
thus depends on a pH gradient being established across the membrane by a series
of electron transfer reactions. The ATP synthesis is accompanied by the concurrent
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FIGURE 5.11 � In the respiratory chain, protons are pumped across the membrane by complexes
I (NADH dehydrogenase), III (cytochrome bc1 complex) and IV (cytochrome c oxidase) to gen-
erate a proton gradient across the membrane. This gradient drives the synthesis of ATP by the
ATP synthase. Complex II (succinate dehydrogenase) does not pump protons.
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Cytochrome c oxidase shuttles electrons and protons



Catalysis by cytochrome c oxidase



Here are some key (proposed) intermediates
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Proton pumping pathways are partially known
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The complete mechanism is probably very complex



Thermodynamic analysis of this pathway



Respiration, again

In 1961 Peter Mitchell (Nobel laureate for chemistry, 1978) proposed the following
essential features:

• the energy transfer intermediate, linking oxidations and ATP synthesis, is a
transmembrane ion gradient,

• the ions involved in the gradient are protons (or H3O
+).

These two concepts form the essential postulates of the chemiosmotic theory.
The term “chemiosmosis” signifies the link between chemical reactions and energy
stored in a transmembrane gradient (“osmotic energy”). Thus, according to
Mitchell, the energy released during the transport of electrons along the carrier
chain is conserved in an H+ gradient and an electrical gradient, which then drives
the oxidative phosphorylation. As the electrons flow down the electron transport
chain, H+ is expelled from the inside membrane of the mitochondrion to the inter-
membrane space (Fig. 5.11). This results in a rise in pH on the inside and a fall in
pH on the outside of the inner membrane — a pH gradient is generated and main-
tained. The electric potential also rises across the membrane because more positive
H+ ions are on the outside than on the inside. These two processes, the build-up of
a pH gradient and an electric potential, imply an increase in Gibbs energy that
Mitchell called a protein motive force that we will now discuss in more detail.

The proton motive force is thus generated across the inner membrane of mito-
chondria in humans and animals, in the inner membrane of chloroplasts in plants,
and over the plasma membrane of aerobic bacteria. The chemiosmotic mechanism
thus depends on a pH gradient being established across the membrane by a series
of electron transfer reactions. The ATP synthesis is accompanied by the concurrent
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FIGURE 5.11 � In the respiratory chain, protons are pumped across the membrane by complexes
I (NADH dehydrogenase), III (cytochrome bc1 complex) and IV (cytochrome c oxidase) to gen-
erate a proton gradient across the membrane. This gradient drives the synthesis of ATP by the
ATP synthase. Complex II (succinate dehydrogenase) does not pump protons.
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ATP synthase at an atomic level

ATP synthase has two separate units, Fo (the letter “o”, not the digit “zero”)
and F1. The former is transversing the membrane while the F1 unit is located on the
cytoplasmic side of the membrane. The subunits either belong to the rotor or sta-
tor part of the motor (Table 5.4). During its function the proton gradient across the
membrane forces the rotor of the ATP synthase to rotate while the stator parts
remain fixed (Fig. 5.13). 

The F1 unit consists of three copies each of two subunits called α and β, and
one copy each of subunits γ, δ and ε. The active sites for ATP synthesis are found
on the three β subunits. They form a hexameric aggregate alternating with the
three α subunits that are similar to the β subunits. The thin part of the γ subunit is
threaded through this hexamer. It is a left-handed α-helical coiled coil. At its
broader base the δ and ε subunits are attached (Fig. 5.13). Due to its asymmetry
the γ subunit has different contacts with the three β subunits and forces them to
adopt different conformations (Figs. 5.14 and 5.15).
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FIGURE 5.12 � Left: The complete ATP synthase molecule from mitochondria as seen by electron
cryomicroscopy. The two large components of the enzyme, F1 and Fo, are primarily the top and
bottom lumps of density. In addition to a central stalk there is also a thinner peripheral stalk
between the two units. (Reprinted with permission from Rubinstein, Walker, & Henderson. (2003)
Structure of the mitochondrial ATP synthase by electron cryomicroscopy. EMBO J 22:6182–6192.
Copyright (2003) Nature Publishing Group.) Right: The crystal structures of parts of the ATP syn-
thase are fitted into the EM density. The F1 part and the c subunits are in gray, whereas the com-
ponents of the peripheral stalk are shown in different colors. (Reprinted with permission from
Dickson, Silvester, Fearnley, Leslie, & Walker. (2006) On the structure of the stator of the mito-
chondrial ATP synthase. EMBO J 25:2911–2918. Copyright (2003) Nature Publishing Group.)
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ATP synthase at a cartoon level
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TABLE 5.4 The Subunits of ATP Synthase

Stoichiometry

Subunit Mitochondria Chloroplasts Bacteria Rotor/Stator

Fo
a 1 1 1 Stator
b 1 b + b’ 2 Stator
c 10–15 10–15 10–15 Rotor
d 1 — — Stator
F6 1 — — Stator
OSCPa 1 1 1 Stator
F1

α 3 3 3 Stator
β 3 3 3 Stator
γ 1 1 1 Rotor
δ b 1 1 1 Stator
ε 1 — — Rotor

a Called δ in bacteria and chloroplasts.
b Called ε in bacteria and chloroplasts.

F1

Fo 
a 

bC10-15

d
F6

OSCP

Rotor

Stator

H+ 

H+ H+

H+ 

H+ 
H+ 

H+

H+

βα α

γ

FIGURE 5.13 � Organization of mitochondrial ATP synthase. The proton gradient across the mem-
brane drives part of the complex (the rotor) to rotate during transport of protons across the mem-
brane at the same time as ATP is generated. The Fo part is associated with the membrane
whereas the F1 part emerges from the membrane. Left: The ring of c subunits (blue) of Fo rotate
in the membrane and with it the γ (light green), δ (dark blue) and ε (deep purple) subunits of
F1. The a (orange), b (moss green), d (brown), F6 (green) and OSCP (blue) of Fo and the three
α (olive green) and three β (light green) subunits of F1 form the stator. Right: The stator parts are
shown in gray, whereas the rotor parts are shown in red.
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ATP synthase mechanism cartoon

low-energy pathway for the negative charges during rotation of the γ subunit.
During the rotation the β and γ subunits experience steric repulsion and electro-
static interaction from each other leading to the ATP synthesis that drives the rota-
tion during ATP hydrolysis.

5.3.2.3 ATP hydrolysis and ATP synthesis

The F1 part of the ATP synthase can also function as an ATPase. For the catalytic
mechanism, Paul Boyer concluded that during ATP hydrolysis the three active
subunits must undergo successive conformational changes due to the hydrolysis
of ATP. The full enzyme synthesizing ATP due to the proton motive force must
undergo similar conformational changes (Fig. 5.17). This conclusion, “the binding
change mechanism,” was partly verified by the crystal structure of F1, where the
asymmetric γ subunit forces different conformations on the β subunits (Fig. 5.15).
Initially three conformations of the β subunit were discussed: open, loose, and
tight. In a subsequent crystal structure of F1 ATPase with ADP and aluminum flu-
oride, all three active sites had bound nucleotides even though the asymmetry
remained. The βDP and βTP binding sites contained ADP*AlF4

− in a closed confor-
mation of the active site, while the βE has an ADP molecule and a sulfate ion
bound in a half-closed conformation, βHC.

The definite verification of the rotatory property of the ATPase came with
the experiment illustrated in Fig. 5.18. The N-termini of the β subunits were
extended with His-tags and bound to a Ni-coated cover slip. The γ subunit was
attached to a fluorescently labeled actin filament. The actin filaments showed up
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FIGURE 5.17 � The hydrolytic mechanism of ATP synthase initially proposed by Boyer and subse-
quently modified according to crystallographic results. The three β subunits are shown in three
different conformations during the functional cycle. The βΕ subunit is empty, βDP contains an
already hydrolyzed ATP molecule, and βTP has an ATP molecule bound. When ATP binds to βΕ,
the γ subunit rotates with respect to the β subunits. This leads to an activation of the ATP in the
former βTP subunit. When the ADP and inorganic phosphate (Pi) is released, the continued rota-
tion of the γ subunit leads to the open conformation βΕ. ATP synthesis proceeds in the opposite
direction, driven by the proton gradient across the membrane.
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ATP synthase mechanism cartoon

frequently deviates from the three-fold symmetry of the α and β subunits of the F1

unit. ATP synthases operating at a low ion-motive force tend to have the advan-
tage of a large number of c subunits. Organisms with a constantly high ion-motive
force have c rings with fewer subunits.

The c subunit is composed of a helical hairpin spanning the membrane. The
residue involved in the binding of the proton is an aspartate halfway through the
membrane structure. Figure 5.20 illustrates a situation where an Na+ gradient is
driving the motor. The sodium ion binds midway on the membrane-spanning
part of the c subunit and the subunit interface. A glutamate, a glutamine, and
a serine are the main ligands to the metal ion. The glutamate corresponds to the
proton-binding aspartate.

The a subunit forms the channel for the protons or ions that generate the rota-
tory work. The structure of this subunit is not known but the channel is thought to
have two half-channels that are not connected (Fig. 5.21). This model is called the
“two-channel model.” The proton or ion-binding site of the c subunits can become
loaded with a proton or a sodium ion through the inlet channel on the side with the
higher concentration of ions. The c subunits are then induced to rotate almost a com-
plete turn to release the proton or ion through to outlet the channel on the low con-
centration side. During a short passage when the rotating c subunit is close to the
a subunit of the stator (Fig. 5.22), an arginine of the stator interacts with the glutamate
(aspartate) that holds the sodium ion (proton). The ion is thereby released into the
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FIGURE 5.21 � The arrangement of the Fo unit by which the c subunits are made to rotate in the
membrane. The a subunit forms half a channel for the protons (or sodium ions) through which
they reach the aspartate on the c subunits where they bind. To escape, the protons (or sodium
ions) rotate the ring of c subunits by a ratchet mechanism to a new position where they find
another half channel through the a subunit. This arrangement works like a water mill where the
falling water (protons or sodium ions) drives the wheel around to generate work.
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outlet channel and a new ion is picked up at the inlet channel. The mechanism can be
described as a “push-and-pull” mechanism where the arginine of the a subunit and
the proton or sodium ion will compete for interaction with the acidic side chain.

ATP synthesis not only needs a proton or sodium ion gradient but also a mem-
brane potential. In a relaxed mode, the motor can rotate in both directions and
perform ion exchange between the two sides of the membrane. With a membrane
potential and a proton or sodium ion gradient, the enzyme switches to unidirec-
tional rotation.

The rotation of the c subunits also involves the γ, δ and ε subunits. This part
of the synthase is then the rotor part of the motor enzyme. While the γ subunit
forms the central or rotatory stalk of the enzyme, a peripheral stalk unites the
stator components of the Fo and F1 parts of the enzyme. The stator comprises
subunits a, b, d, F6 and OSCP of the Fo unit as well as the α and β subunits of the
F1 unit. This peripheral stalk has been seen in cryo-EM studies (Fig. 5.12). The
structures of parts of the stalk have been determined by crystallography and can
be fitted into the cryo-EM density. One structure shows parts of the b subunit as a
very extended helix of 105 continuous residues. It acts as the backbone of the stalk.
Subunit d has five helices. Three of them run along the b helix and support it. The
F6 subunit contains two helices at the top of the b helix.

The ring of c subunits rotates in 10 to 15 steps for a full turn while binding
and releasing protons or ions. Thus a little more than three to five protons are
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FIGURE 5.22 � The “push-and-pull” mechanism of ATP synthase. The aspartate side chain of the
c subunits (blue) interacts temporarily with an arginine (aR277) of the a subunit of the stator
(a, orange). This shifts the balance in such a way that the aspartate loses its proton through the
outlet channel (upper) and the negatively charged form of the aspartate can interact with
the arginine. A proton will bind to the negatively charged aspartate of the next c subunit through
the inlet channel (dim). Thus the excess of protons on the outer side of the membrane drives the
“wheel” of c subunits and leads to the synthesis of ATP.
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