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ABSTRACT: The naturally occurring G41S mutation to
human (Hs) cytochrome (cyt) ¢ enhances apoptotic activity
based upon previous in vitro and in vivo studies, but the
molecular mechanism underlying this enhancement remains
unknown. Here, X-ray crystallography, nuclear magnetic
resonance (NMR) spectroscopy, and density functional
theory (DFT) calculations have been used to identify the
structural and electronic differences between wild-type
(WT) and G41S Hs cyt c. S41 is part of the hydrogen
bonding network for propionate 7 of heme pyrrole ring A in
the X-ray structure of G41S Hs cyt ¢ and, compared to WT,
G41S Hs cyt ¢ has increased spin density on pyrrole ring C
and a faster electron self-exchange rate. DFT calculations
illustrate an electronic mechanism where structural changes
near ring A can result in electronic changes at ring C. Since
ring C is part of the solvent-exposed protein surface, we
propose that this heme electronic structure change may
ultimately be responsible for the enhanced proapoptotic
activity of G41S Hs cyt c.

n addition to its well described role in the mitochondrial
Ielectron transport chain, human (Hs) cytochrome (cyt) ¢ is
active in the intrinsic apoptotic pathway where it is released into
the cytosol and interacts with apoptosis protease activating factor-1
(Apaf-1). This interaction promotes apoptosome assembly, caspase
activation, and, ultimately, triggers cell death. The G41S mutant,
which was previously identified in patients diagnosed with a form
of mild autosomal dominant thrombocytopenia consistent with
enhanced apoptotic activity in vivo, was the first mutation identified
in Hs cyt ¢ and is currently the only variant of Hs cyt ¢ known to
have an enhanced ability to activate caspases in vitro.' The G41S
mutation does not appear to affect mitochondrial respiration and
the molecular mechanism underlying the enhanced caspase acti-
vation remains unknown.

The in vitro assay monitors caspase activation in cytosolic
extracts, which suggests that the proapoptotic activity of G41S
cyt cis related to the apoptosome assembly step. A 9.5-A resolution
structure of the human apoptosome was recently reported; the
density map is consistent with the presence of folded cyt ¢, but
the binding orientation could not be determined unambiguously.?
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Nevertheless, researchers have identified several charged surface
residues in the vicinity of pyrrole rings A and C that are critical for
both in vitro and in vivo binding and activation of Apaf-1.>* G41 is
not a charged surface residue, but several groups have identified
another important factor governing the interaction of cyt ¢ and
Apaf-1. Only oxidized cyt ¢, and not reduced cyt ¢, promotes
apoptosome assembly.” Yet, cyt ¢ is rapidly reduced in the cytosol
following release from the mitochondria.® In light of this apparent
contradiction, we propose that the electronic properties of the
heme cofactor are related to the apoptotic activity of cyt ¢ and
here we present an experimental and theoretical characterization
of the redox properties of WT and G41S human cyt c.

We collected high resolution X-ray crystallographic diffraction
data of reduced G41S Hs cyt ¢ to identify any structural changes
introduced by the mutation. Using data to 1.9 A, the structure was
solved through molecular replacement and refined to an Ry of
0.17 and Rg.. of 0.20 (Tables SI and S2). All four copies pres-
ent in the asymmetric unit display essentially the same structure
(PDB ID 3NWV). As seen in other cyt ¢ structures, ring C is the
most solvent-exposed part of the heme. The G41S mutation
displaces residues 41 and 42 approximately 0.4 A away from
Tyr48 which forms the core of the third “omega loop”. Imme-
diately under this “omegaloop”, heme propionate 7 is close enough
to hydrogen bond with the main-chain amide of residue 41, the
hydroxyl of Tyr48, and the side-chain nitrogens of Asn52 and
TrpS9. In the high resolution crystal structure of reduced tuna cyt ¢
(the highest resolution structure available for a reduced homo-
logue of Hs cyt c), propionate 7 appears to be directly hydrogen
bonded to the e-amido group of Arg38.” In contrast, the side
chain of Arg38 in G41S Hs cyt cis in a different conformation and
interacts with heme propionate 7 through a pair of ordered water
molecules (Figure 1). There are no large-scale structural differ-
ences between the X-ray structures of reduced tuna (SCYT) and
reduced G41S Hs cyt ¢ (3NWYV), but there is evidence for an
altered hydrogen bonding network in the vicinity of propionate 7.

Next, we used nuclear magnetic resonance (NMR) spectros-
copy to characterize any electronic changes to the heme cofactor
in oxidized Hs G418 cyt c. Heme substituent 'H and ">C resonances
were assigned in oxidized (Fe*") and reduced (Fe*") WT and
G41S Hs cyts ¢ using two-dimensional NMR techniques aided
by available heme "H and "*C assignments for horse cyt ¢,” which
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Figure 1. A comparison of the heme ¢ environments in the X-ray crystal
structures of reduced G41S Hs cyt ¢ (3NWV) and reduced tuna cyt ¢
(SCYT) with the iron (orange sphere), nitrogen (blue), oxygen (red),
G418 Hs cyt ¢ carbon (cyan), and tuna cyt ¢ carbon (orange) nuclei
identified. The porphyrin macrocycle contains four pyrrole rings labeled
A-D. Ordered water molecules are shown as small spheres for G41S Hs
(red) and reduced tuna (yellow) cyts c. The polar interactions of pro-
pionate 7 of G41S Hs cyt ¢ are indicated by dashed red lines.

Table 1. Experimental and PBE-DFT '*C HFSs (ppm) of
Heme c

experiment PBE DFT
B3ce wr? G41S*  AHFS p7- P7H°  AHEFS
1-CH; =323  —322 0.1 56 1.0 —4.6
2Co —273 =270 03
3-CH; —694  —706 -12 —584  —1264 —68.0
4-Co. =759 =770 —12
5-CH; —388  —37.6 12 73 4.7 —2.6
6-Ca  —251¢9 —238¢ 13
7Co —579% —s57.8¢ 0.1
8-CH, —822  —822 00 —1154  —640 514

“Carbons 1 and 2 are attached to ring B, 3 and 4 to ring C, S and 6 to ring
D, and 7 and 8 to ring A. Y Hs cyt cin 100 mM sodium phosphate (NaP;)
buffer, pH = 7.0, 25 °C. “ PBE DFT model with deprotonated (P7-) and
protonated (P7H) propionate 7. 9 HFS derived by subtracting the literature
value of the chemical shift in reduced (Fe>™) WT Hs cyt c.®

shares 89% sequence identity with Hs cyt ¢, and reduced WT Hs
cyt ¢.® The hyperfine shifts (HFSs) of the '*C nuclei bound to the
heme macrocycle were derived by subtracting the chemical shifts
of reduced cyt ¢ from oxidized cyt ¢ (Table 1). The peripheral *C
HEFSs of WT Hs cyt ¢ are quite similar to those reported for WT
horse cyt ¢,” with large negative HESs on the "*C nuclei attached
to rings A and C. In G41S Hs cyt ¢, a larger (more negative)
3C HES is observed for the nuclei attached to ring C and a smaller
(less negative) '3C HFS is observed for the nuclei attached to ring D.

We have used density functional theory (DFT) to investigate
the underlying electronic structure responsible for the NMR HFS
data. The spin densities and heme methyl '*C HFSs have been
calculated for two PBE DFT models that represent the extreme
cases of a deprotonated (P7-) and a protonated (P7H) propio-
nate 7 side chain usin§ amodified-version of a previously established
method (Figure 2)." Since a large percentage of the NMR HFSs
for nuclei attached to rings B and D arises from thermal pop-
ulation of a low-lying electronic excited state,'" this ground state
method will underestimate the '>C HESs of methyls 1 and 5.
Nevertheless, the agreement between the heme methyl "*C HFS

Figure 2. PBE/TZVP DFT-computed unpaired positive (red) and
negative (gray) spin densities for the models of heme ¢ with a
deprotonated (P7-) and protonated (P7H) propionate 7 side chain.

WT Hscytc
.. Kesg = 5800 + 400 M-1s-1

G41S Hscytc
_ kgsg = 7500 + 300 M-1s-1
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Figure 3. Plots of the intensity of the Met80 &-C'H; resonance of
reduced (Fe’") Hs cyt c and Hs G418 cyt c as a function of the saturation
time of the Met80 &-C'Hj resonance of oxidized (Fe®") cyt c. Samples
were in 100 mM NaP; buffer, pH = 7.0, 100% D0, at 25 °C. The mea-
sured intensities (black diamonds) were fit to an exponential decay (blue
line) to determine the ESE rate.

data for WT Hs cyt ¢ and the P7- DFT model is reasonable with
large negative >C HFSs for the heme methyl groups attached to
rings A and C and a more negative HFS for methyl 8 in both cases
(Table 1). In the P7H DFT model, the spin density is redis-
tributed onto ring C resulting in a more negative '>C HFS of
methyl 3. The spin density can be used to approximate the spa-
tial extent of the singly occupied molecular orbital (SOMO)
because spin polarization is minimal in this system (Figures S1
and S2).

The increased SOMO density on ring C in G418 cyt ¢ should
enhance electronic coupling (Hp) between Hs cyt c and external
redox partners since ring C is part of the solvent-exposed Hs cyt ¢
surface implicated in protein—protein interactions with redox
partners.">"* H,p cannot be measured directly, but we can mea-
sure the electron self-exchange (ESE) rate, which depends on
both Hyp and the reorganization energy (4). The ESE rate between
oxidized and reduced Hs cyt ¢ was measured in mixed oxidation
state NMR samples by time-dependent saturation transfer between
the Met80 C"Hj; resonances of the oxidized and reduced fractions."*
By analyzing the exponential decay of the 'H resonance intensity
of the reduced fraction as a function of the oxidized fraction sat-
uration time, ESE rate constants of 5800 4= 400 and 7500 4 300
M " 57" were extracted for WT and G418S cyt ¢, respectively
(Figure 3). Notably, the ESE rate constant of WT Hs cyt c is very
similar to that of horse cyt ¢ (5400 M~ 's~ ').'® Furthermore, the
faster ESE rate in G41S Hs cyt ¢ is in accord with a larger Hp
and/or a smaller 4 in G41S Hs cyt c.

All of these data can be understood within the framework of a
polypeptide-induced perturbation of the heme cofactor elec-
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Figure 4. Comparison of DFT computed SOMO for heme with
deprotonated (left) and protonated (right) propionate-7. In G41S Hs
cyt ¢, increased hydrogen-bond donation from the polypeptide to propio-
nate 7 decreases mixing of the propionate orbitals into the SOMO, which
results in increased SOMO density on pyrrole ring C. This explains how
a mutation near ring A could affect the NMR HFSs of carbons attached
to ring C and the ESE rate of Hs cyt c.

tronic structure. The G41S mutation alters the polypeptide identity
and this change is primarily communicated to the heme via the
hydrogen bonding network of propionate 7 (Figure 1). Our NMR
and DFT data suggest that increased hydrogen bond donation
from the polypeptide to propionate 7 in G41S Hs cyt ¢ would sta-
bilize the —COO  s-orbitals, decrease their mixing into the Fe
d,-based SOMO, decrease the polarization of the SOMO toward
pyrrole ring A, and increase the SOMO density on pyrrole ring C
(Figure 4). Since spin polarization is minimal in low-spin Fe(III)
heme, increased SOMO density on ring C should correspond to
increased spin density on ring C, which explains the larger (more
negative) HFSs for methyl 3 and the at-carbon of thioether 4 in
G418 Hs cyt ¢ (Table 1). The increased SOMO density on pyr-
role ring C of G41S cyt ¢ also provides an explanation for the
increased ESE rate (Figure 3), as this electronic structure change
is expected to increase Hap.

In summary, previous work has shown that the G41S mutation
enhances the apoptotic activity of Hs cyt ¢, and the data presented
here demonstrate that this mutation also alters the electronic
structure of the heme c¢ cofactor and increases the ESE rate of
the protein. There are at least two explanations for this apparent
correlation between the apoptotic activity of Hs cyt ¢ and the
electronic properties of its heme cofactor. First, the enhanced
apoptotic activity of G41S Hs cyt ¢ may be a consequence of this
variant's increased ESE rate (Figure 3). The faster ESE rate should
correlate to a faster electron transfer rate between Hs cyt ¢ and
redox partners, which would expedite oxidized cyt ¢ regeneration
from the reduced cyt ¢ pool and promote apoptosome assembly.®
Alternatively, the electronic changes to the heme cofactor introduced
by the G41S mutation may be responsible for enhanced binding and
activation of Apaf-1 by Hs cyt c. The electronic changes should
perturb the electrostatic properties of the solvent-exposed pyr-
role ring C, which is likely part of the Apaf-1 binding surface based
upon the report of diminished caspase activation in the K13A,
K72A, and K86A variants of Hs cyt ¢ To test and differentiate
between these two possible explanations for a correlation between
the electronic properties of the heme cofactor and apoptosis,
future studies will investigate the apoptotic activity, electronic
structure, and ESE rate of several Hs cyt ¢ variants.
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