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ABSTRACT: Surface binding and interactions of anionic
porphyins bound to cationic proteins have been studied for
nearly three decades and are relevant as models for protein
surface molecular recognition and photoinitiated electron
transfer. However, interpretation of data in nearly all reports
explicitly or implicitly assumed interaction of porphyrin with
monodisperse proteins in solutions. In this report, using small-
angle X-ray scattering with solution phase samples, we
demonstrate that horse heart cytochrome (cyt) ¢, triheme
cytochrome ¢, PpcA from Geobacter sulfurreducens, and hen egg
lysozyme multimerize in the presence of zinc tetrakis(4-
sulfonatophenyl)porphyrin (ZnTPPS). Multimerization of cyt
¢ showed a pH dependence with a stronger apparent binding
affinity under alkaline conditions and was weakened in the
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presence of a high salt concentration. Ferric-cyt ¢ formed complexes larger than those formed by ferro-cyt c. Free base TPPS and
FeTPPS facilitated formation of complexes larger than those of ZnTPPS. No increase in protein aggregation state for cationic
proteins was observed in the presence of cationic porphyrins. All-atom molecular dynamics simulations of cyt ¢ and PpcA with
free base TPPS corroborated X-ray scattering results and revealed a mechanism by which the tetrasubstituted charged porphyrins
serve as bridging ligands nucleating multimerization of the complementarily charged protein. The final aggregation products
suggest that multimerization involves a combination of electrostatic and hydrophobic interactions. The results demonstrate an
overlooked complexity in the design of multifunctional ligands for protein surface recognition.

he design of water-soluble, redox-active, molecular

complexes for protein surface recognition has been of
widespread interest for a range of pharmaceutical, chemical, and
biochemical applications.' ™ Because of their rich optical
absorption, emission, and photoinitiating chemical properties,
the surface site recognition and docking of water-soluble
tetrakis porphyrins and phthalocyanines onto redox cofactor-
containing proteins have been extensively studied and continue
to serve as useful prototype models for investigating site-
specific protein surface recognition and light-initiated electron
transfer.

The first studies of docking of porphyrin on a protein surface
demonstrated selective hypochromic optical absorption shifts of
meso-tetrakis(4-carboxyphenyl)porphyrin upon binding to the
positively charged, heme-exposed surface site on cytochrome c.’
Subsequently, a variety of measurements documenting anionic
porphyrin fluorescence quenching upon docking to the
cytochrome ¢ surface corroborated these results and suggested
an electron transfer-based quenching mechanism.’~'® Hamilton
and co-workers developed a number of tetrakis porphyrins
binding with a high affinity to the surface of cyt ¢'"'* and
argued that such porphyrin—cytochrome complexes demon-
strate the possibility of disrupting protein—protein interactions
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by synthetic surface binding compounds. This work was
extended by the demonstration of a significant change in the
melting temperature of cytochrome ¢, allowing room-temper-
ature denaturation.'*'* Solution-state nuclear magnetic reso-
nance (NMR) and modeling studies have mapped the binding
of two different porphyrins on the surface of cytochrome ¢ and
found that a significant part of the protein surface is involved in
binding."®> Analogous but inverse electrostatic assembly has
been described for the binding of cationic porphyrins to an
anionic plastocyanin docking surface."® Goel and co-workers
reported X-ray crystal structures of meso-tetrakis(4-
sulfonatophenyl)porphyrin (TPPS) with three different carbo-
hydrate-binding proteins.'”'* The binding sites and mecha-
nisms showed significant variations, but all cases involved
hydrogen bond formation between sulfonate groups of TPPS
and the target protein, including numerous brid$in§,
interprotein contacts within the crystalline unit cell.”’~"
Purrello et al. demonstrated aggregation of TPPS in the
presence of polylysine.m Building on this foundation, recent
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work has extended protein surface recognition using a range of
supramolecular building blocks, including a hemicacerene host,
redox—guest complexes,”' calix[n]arenes,”>** cucurbit[n]-
urils,*** and cyclodextrins.>®

However, particularly for the docking of porphyrin to
proteins in solution, data analysis and interpretation have
relied on an assumption that a single protein molecule interacts
with one or more bound supramolecular ligands. To the best of
our knowledge, there is only one published report demonstrat-
ing synergetic involvement of more than one protein molecule
with porphyrins, the stabilization of porphyrin J-aggregates at
the interface within a myoglobin dimer assembly in solution.””

Small-angle X-ray scattering (SAXS), potentially in combi-
nation with NMR measurements, provides a direct, diagnostic
technique for the determination of the protein size, radius of
gyration, and aggregation state (e.g, reviewed in refs 28—32). A
small fraction of the impinging X-ray beam is scattered
coherently on sample atoms. This scattering produces an
interference pattern that can be recorded with a two-
dimensional X-ray detector. Collected scattering data are
typically averaged and binned according to the momentum
transfer vector g (4r/4) sin 6, where 1 is the X-ray
wavelength and 0 is half of the scattering angle. In the small-
angle region, the scattering patterns asymptotically approach
the limiting small-angle intensity I(0) according to the Guinier
relationship, where R, is the radius of gyration corresponding to
the mean electron density-weighted atomic distance from the
center of mass.>"**** Measurement of I(0) for a molecule can
be used to determine the molecular weight or a§gregation state
of a protein at a known concentration.”> >**>3° Further, wide-
angle X-ray scattering has been demonstrated to provide a
measure of protein secondary and tertiary structures,
contributing a scattering pattern “fingerprint” that is character-
istic of individual protein folding motifs.>"*>*>73* Relevant to
the study presented here, it was successfully applied in the past
to assess partial protein folding for incompletely assembled
multiheme ¢-type cytochromes®” and follow changes as small as
those induced by a change in heme oxidation state in
cytochrome ¢.*

In this report, we explore the interaction of TPPS (1),
T(MeA)P (2), and T(MePy)P (3) with three cationic proteins
(horse heart cytochrome ¢, PpcA, a three-heme cytochrome ¢,
from Geobacter sulfurreducens, and hen egg lysozyme) using
small-angle X-ray scattering. Heme-based fluorescence quench-
ing has been investigated extensively with single-cofactor
cytochromes ¢°7'® particularly in the context of possible
excited-state electron transfer. The multiheme PpcA provides
an interesting extension to one that includes possibilities for
initiating rapid interheme electron transfer. With all three
proteins, we have observed that addition of a stoichiometric
amount of porphyrin induces unexpected protein multi-
merization. Characteristic differences are seen in the multimers
formed in each case. Compared to cyt ¢ and lysozyme, PpcA
showed the interesting property of restricted multimerization,
resulting in the formation of dimers in the presence of anion
porphrins that indicates a single interaction surface. Porphyrin
fluorescence quenching accompanies cytochrome multimeriza-
tion. Molecular dynamics simulations that included multiple
cytochrome and porphyrin molecules within an explicit solvent
molecule-containing box confirm the porphyrin-induced multi-
merization observed in experiments and suggest a mechanism
that involves a combination of electrostatic and hydrophobic
interactions. The results demonstrate a complexity in the
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design of multifunctional ligands for protein surface recog-
nition.

B MATERIALS AND METHODS

Recombinant PpcA from G. sulfurreducens was produced in the
Escherichia coli expression system described by Londer et al.*’
with modifications described by Pokkuluri et al.** Protein
isolation and purification followed the previously published
procedure®” with an additional gel filtration included as a final
step. Horse heart cyt ¢ and hen egg lysozyme were purchased
from Sigma-Aldrich. Zinc, iron, and free base meso-tetra(4-
sulfonatophenyl)porphine chloride (ZnTPPS, FeTPPS, and
H,TPPS, respectively), meso-tetra(N-methyl-4-pyridyl)-
porphine tetratosylate [T(MePy)P], and meso-tetra(4-N,N,N-
trimethylanilinium)porphine tetrachloride [T(MeA)P] were
purchased from Frontier Scientific (Logan, UT). All other
reagents were from Sigma-Aldrich.

X-ray scattering data were acquired with 0.1—1 mM protein
samples in 10 mM Tris buffer (pH 7.5) unless indicated
otherwise, at the 12-ID-B beamline of the Advanced Photon
Source of Argonne National Laboratory (Lemont, IL). To
minimize X-ray damage, protein samples were gently refreshed
with a syringe pump. A Pilatus 2M detector was used for
collecting small-angle X-ray scattering data and provided g
range coverage from 0.01S to 0.75 A™'. Wide-angle X-ray
scattering data were acquired with a Pilatus 300k detector and
had a g range of 0.75—2.1 A", Typically, 20 sequential images
were collected with a 2 s exposure time per image with each
detector. g range calibration was performed with a silver
behenate sample. The buffer scattering data were subtracted
from sample data, and the water peak near g = 1.9 A™! was used
as a control in subtractions.

For molecular dynamics simulation, the initial atom
coordinates for horse heart cytochrome ¢ and PpcA were
from Protein Data Bank entries 1AKK and 2LDO. Input files
for the simulations were prepared with PSFGEN, SOLVATE,
and IONIZE plugins of VMD.*' The simulations were
performed with periodic boundary conditions, and each unit
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Figure 1. Small-angle X-ray scattering studies of anionic porphyrin-induced multimerization of selected cationic proteins. Panel A shows SAXS
profiles for horse heart cytochrome ¢ (1 mM) measured in the presence of ZnTPPS with the concentration range of 0—4 mM. Panel B shows
calculated scattering profiles for horse heart cytochrome ¢ as a monomer and for selected dimer and tetramer models, plotted with the experimental g
range. PpcA from G. sulfurreducens (C) and hen egg lysozyme (D) in the presence of ZnTPPS. Contribution of free ZnTPPS to small-angle
scattering of protein samples was negligible (cyan dashed line in panel A).

cell contained four copies of the protein and eight copies of free
base TPPS. The unit cell sizes were approximately 52 A X 101
A X 116 A and 56 A X 94 A X 116 A for cyt ¢ and PpcA,
respectively, and contained ~55000 atoms. The initial distances
between the centers of proteins were at least 45 A. Sodium and
chloride ions were added to make the total ionic strength 100
mM and to neutralize these systems. The simulations were
performed with the CHARMM?27 force field.** Force field
parameters for the c-type heme of cytochrome ¢ were from ref
43. The charge distribution was modified for c-type hemes of
PpcA to reflect their different axial ligation (His/His). All-atom
molecular dynamics simulations were performed with
NAMD2* on the Fusion cluster of the Laboratory Computing
Resource Center at Argonne National Laboratory. MD
simulations were run with the following settings: NPT (P = 1
atm; T = 310 K), 1 fs integration time, and 12 A cutoff distance.
Nonbonded forces were calculated every two steps, and
electrostatic forces were calculated every four steps using the
particle mesh Ewald method. Pressure and temperature were
maintained with a Langevin piston and bath as implemented in
NAMD?2. Atom coordinates were recorded each 10 ps. Three
independent simulations were run for 140—150 ns for cyt ¢ and
90 ns for PpcA. Analysis of MD trajectories was performed with
VMD.

B RESULTS

Prior studies of binding of anionic porphyrins to cytochrome ¢
have relied upon measurement of the quenching of the
porphyrin fluorescence for cytochrome c. Binding of ZnTPPS
to cyt ¢ shows fluorescence quenching similar to that of other
anionic porphyrins (Figure S1 of the Supporting Information).
To verify the binding stoichiometry and to explore the binding
of porphyrin to proteins not containing hemes, we studied
binding of ZnTPPS to cyt ¢, PpcA, and lysozyme using small-
angle X-ray scattering (SAXS) (Figure 1). On the basis of their
protein sequences and assuming full protonation of histidine
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residues and full ionization of aspartate, glutamate, lysine, and
arginine residues as well as the heme propionic acid groups,
these proteins are expected to have net charges of +8, +4, and
+8, respectively. In each case, the addition of ZnTPPS was
found to cause significant changes in the small-angle scattering
that are indicative of a marked multimerization.

Figure 1A shows solution scattering profiles for cytochrome ¢
and ZnTPPS mixtures with the mole ratio varied from 0 to 4.
The measurements demonstrate a significant increase in small-
angle scattering intensity for cytochrome ¢ upon addition of
ZnTPPS, even at substoichiometric ratios. The extrapolated
magnitude of scattering, I(0), was observed to increase 2.5-fold
for 1 mM oxidized cyt ¢ upon addition of 1 mM ZnTPPS and
to increase S.4-fold with 4 mM ZnTPPS (Figure 1A). For
comparison, Figure 1B shows scattering patterns calculated for
a series of monomer, dimer, linear, and compact tetramer
models (Figure S2 of the Supporting Information) for
cytochrome ¢ and plotted with the experimental q range.
Because I(0) is approximately proportional to the product of
the protein concentration and molecular weight squared of the
protein complex, multimerization at a fixed cytochrome
concentration is reflected by a linear increase in I(0) that
scales directly with aggregation number.

The scattering intensity from 4 mM ZnTPPS is negligible in
comparison with the scattering intensity from the protein at a
small angle. A Guinier plot from these data (Figure S3 of the
Supporting Information) yields an apparent R, of 6.71 A, which
is a good match to the radius of gyration calculated from the
atomic coordinates of the HIYBEY structure from the
Cambridge Structural Database using SolX.>>** This indicates
that ZnTPPS is in the monodisperse form in solution over a
range of concentrations at least up to 4 mM.

All previous reports of interaction of cyt ¢ with porphyrins
assumed a 1:1 binding stoichiometry and a monodisperse
solution state of cytochrome (see, e.g, refs 7, 9, and 11). The
observed significant changes in scattering for cyt ¢ upon
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ZnTPPS addition cannot be explained by binding of one
porphyrin per cytochrome in its monodisperse form because
binding of ZnTPPS adds ~10% to the molecular weight. Even
addition of 250 yM ZnTPPS to 1 mM cyt c¢ resulted in an
approximately 40% increase in the scattering intensity. The
solution-state X-ray scattering data of 4 mM ZnTPPS in the
absence of proteins (cyan trace in Figure 1A) show a negligible
contribution and suggest that ZnTPPS in the range of
concentrations used in our experiments was in its mono-
disperse form. The observed significant changes in the
scattering intensities at low values of momentum transfer
together with an increase in gyration radii suggest that addition
of ZnTPPS induces cyt ¢ multimerization. The limited number
of titration points does not allow the binding stoichiometry to
be unequivocally established, but it appears that at low
porphyrin concentrations, one ZnTPPS molecule can facilitate
formation of cyt ¢ dimers while with a 4-fold molar excess of
porphyrin we observed complexes consisting of five to six cyt ¢
monomers. Further, the examination of scattering calculated
from model aggregates shows that the degree to which the
scattering curve dips below that of the monomer in the g range
from 0.1 to 0.2 A™" is related to the fraction of the cytochrome
surface occupied in the multimer assembly. For example, this
effect is more significant with a compact tetramer that has more
of the cytochrome surface involved in protein—protein contact
compared to a linear tetramer (Figure 1B). A comparison to
the experimental scattering patterns suggests a “looser”
association in the experiment than in the models. Further
modeling studies will provide more detailed information about
the cytochrome ¢ multimer structure.

A lesser extent of ZnTPPS-induced multimerization was
observed with PpcA, a member of the three-heme cyt ¢, family,
from G. sulfurreducens (Figure 1C). Similar to the results of the
cyt ¢ titration, PpcA multimerization was noticeable even with
substoichiometric amounts of ZnTPPS. However, unlike cyt c,
which formed larger multimers with increasing concentrations
of ZnTPPS, the titration with PpcA showed saturation. The
protein—porphyrin complex sizes are found to be equivalent
with both 2.5- and S-fold excesses of ZnTPPS. The limited,
approximately 2-fold increase in I(0) for PpcA induced by the
addition of excess ZnTPPS suggests a transition to an
aggregation state that consists principally of dimers. Multi-
merization that self-limits to a dimer would be consistent with
an association mechanism driven by a single ligand binding site
on the protein surface.

Figure 2 shows that porphyrin core metal and cytochrome
concentration have significant impacts on the size of
cytochrome ¢ multimers. In experiments conducted with 100
UM oxidized cyt ¢ (i, protein concentration 10-fold lower
than what was used to obtain data shown in Figure 1A), we still
observed cyt ¢ multimerization, although with different binding
isotherms. With a 4-fold molar excess of ZnTPPS, we observed
the formation of protein complexes with an apparent molecular
weight approximately 2 times higher than that of monomeric
cyt ¢, in contrast to the S.4-fold increase seen at higher
cytochrome concentration. Interestingly, despite the 2-fold
lower net charge of Fe(III)TPPS, a titration with this porphyrin
revealed the formation of substantially larger protein multimers.
A titration with free base TPPS showed an association
isotherm, with a limiting increase in size that is larger than
that achieved with ZnTPPS at substoichiometric ratios but
more closely resembled the titration with ZnTPPS at higher
porphyrin concentrations. Our X-ray scattering data suggest
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Figure 2. Effect of porphyrin core metal on multimerization of 100
UM horse heart cytochrome c as seen from changes in X-ray scattering
intensity: black squares for ZnTPPS, blue triangles for Fe(III)TPPS,
and red circles for free base TPPS.

that both porphyrin binding and cytochrome multimerization
are affected by metal in the core of the porphyrin molecule.
The difference in the binding affinity can be best explained by
taking into account that zinc in ZnTPPS can form only one
axial bond with the protein while the iron of Fe(III) TPPS can
form one bond on each side of the porphyrin molecule plane
and the core of H,TPPS can form hydrogen bonds on both
sides, as well.

The titration data of the types presented in Figures 1 and 2
provide information about the association constants, Ky, for
protein—porphyrin associations. Our preliminary analysis has
shown that the extraction of the apparent Ky is complicated by
the need to consider contributions from a range of mono- and
multimeric protein states as possible minority species. These
more detailed quantitative binding studies combined with
structural analyses will be reported elsewhere. These data
emphasize the distinction in aggregation end states detected for
three different cationic proteins in the presence of a 5-fold
stoichiometric excess of ZnTPPS. A dimer is found to be
formed for PpcA, while a S—6-multimer aggregate is found for
cyt ¢; an extended assembly is found for lysozyme, having
dimensions that exceed the low-angle SAXS resolution range
used in these experiments.

To evaluate the role of electrostatic forces and their relative
contribution to porphyrin-induced cyt ¢ multimerization, we
compared solution-state small- and wide-angle X-ray scattering
of cyt ¢ with two cationic porphyrins, T(MeA)P and
T(MePy)P, in their free base forms (Figure 3A). Unlike the
significant increase in the scattering intensity observed after
addition of ZnTPPS (Figure 3A, red line) to oxidized cyt ¢
(Figure 3A, black line), mixing cyt ¢ with a 2-fold molar excess
of either T(MeA)P or T(MePy)P did not produce any
statistically significant changes in SAXS and WAXS data
(Figure 3A), and the Guinier plots were identical (Figure
3B). This demonstrates that two tested cationic porphyrins do
not bind and do not induce multimerization of positively
charged cyt ¢ under neutral-pH conditions. It also indicates that
van der Waals interactions and formation of axial bonds
between porphyrin and cytochrome are not sufficient to
overcome electrostatic repulsion in such systems.

dx.doi.org/10.1021/bi500278g | Biochemistry 2014, 53, 5070—5079
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Figure 3. Effect of porphyrin charge on cyt ¢ multimerization. (A) Combined small- and wide-angle X-ray scattering profiles for S00 uM cyt ¢
without (black) and with 1 mM porphyrins: ZnTPPS (red), free base T(MeA)P (blue), and T(MePy)P (cyan). (B) Guinier plots of cyt ¢ with
prophryins demonstrate multimerization of cyt ¢ in the presence of ZnTPPS and no statistically significant change in the gyration radii in the
presence of T(MeA)P or T(MePy)P. The color coding for panel B is the same as that in panel A.

Further, wide-angle X-ray scattering features provide a
monitor of characteristic protein secondary and tertiary
structural features.>"***>73* The WAXS data for porphyrin—
cyt ¢ complexes (Figure 3A) show the same features, a trough
at g = 0.27 A and a local maximum at g = 0.39 A, as the free cyt
¢ solution. However, background scattering that appears in the
q range above 0.1 A™" from the remaining porphyrin in solution
was not completely removed from these data. The retention of
the characteristic WAXS “fingerprint” for cyt ¢ indicates that
ZnTPPS binding does not significantly perturb the folding or
tertiary structure.

To further investigate the role of electrostatic interactions
and factors that control multimerization, we explored the pH
dependence of the average size of cyt ¢ multimers as a function
of ZnTPPS concentration (Figure 4). We found a relatively
weak pH dependence with the strongest protein complex
assembly occurring at pH 8.5. Because ZnTPPS does not have
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Figure 4. Effect of pH and ionic strength on multimerization of cyt ¢
as seen from changes in small-angle X-ray scattering intensity (ratio of
Guinier plot intercepts) in titrations of 100 uM oxidized cyt ¢ with
ZnTPPS in 10 mM Tris buffer (pH 7.5) (red circles), 10 mM Tris
buffer (pH 8.5) (black squares), 10 mM MES buffer (pH 6.0) (blue
triangles), and 10 mM Tris (pH 7.5) with S00 mM NaCl (green
triangles).
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protonatable groups with pK, values within the tested range,
pH 6—8.5, the observed dependence must be due to interaction
of ZnTPPS with one or more residues of cyt ¢ with pK, near
this range. A somewhat surprising result, considering the
absence of binding and multimerization with cationic
porphyrins, was that a significant increase in ionic strength
() from ~10 to SO0 mM was not sufficient to prevent cyt ¢
multimerization (Figure 4, green triangles). This indicates that
while electrostatic interactions make a major contribution to
the formation of complexes of cyt ¢ with proteins, van der
Waals interactions and axial ligation to porphyrins also
contribute to multimerization.

The vast majority of previously published research on the
interaction of porphyrin with cyt ¢ was conducted using the
oxidized form of the protein. However, the reduced form of cyt
¢ has an equally important physiological role, and numerous
reports highlight differences in binding affinity for both redox
states of cyt ¢ to its physiological binding partners (see, e.g., refs
46—48) as well as the structural protein changes, including
changes at the bindin§ interfaces associated with a change in cyt
¢ oxidation state.*”*” To partially fill this gap, we explored
multimerization of oxidized and reduced cyt ¢ with ZnTPPS
and found that the oxidized cytochrome formed larger
complexes. However, the difference in the average complex
size was relatively small, especially with substoichiometric
concentrations of ZnTPPS relative to cyt ¢ concentration
(Figure S).

To visualize mutlimerization of cytochromes by porphyrins
and gain insight into the molecular factors controlling this
process, we performed a series of all-atom molecular dynamics
simulations with explicit solvent (TIP3 water) and periodic
boundary conditions. As a compromise between gathering
sufficient statistics with limited computational resources, our
systems contained four copies of the protein and eight free base
TPPS molecules per unit cell. These corresponded to
concentrations of cyt ¢ and TPPS of 8 and 16 mM, respectively.
Although the cytochrome concentrations in the simulations
exceed the concentrations of 0.1-1 mM used in the
experiments presented here, the observation of porphyrin-
induced multimerization across this concentration range
suggests that the conditions selected for MD simulations
provide an acceptable compromise between lower concen-
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Figure S. Effect of the heme redox state of cyt ¢ on multimerization
with ZnTPPS at pH 7.5. Guinier plot intercepts with 100 uM oxidized
(black squares) and reduced (red circles) cytochrome ¢ as a function
of ZnTPPS concentration.

trations used in experiments with higher concentrations needed
in simulations sufficient to achieve equilibrium multimerization
within computational time scales accessible with current
computational resources. Follow-up modeling studies will
examine protein and ZnTPPS concentration effects more
closely.

For simulations, we used free base TPPS instead of ZnTPPS
as classical molecular mechanics simulations can more
accurately model formation of hydrogen bonds than protein—
transition metal interactions. We performed three independent
simulations for both cyt ¢ and PpcA. For each protein, we
observed TPPS binding to surface sites within a few
nanoseconds (Figure 7 and Figures S4 and S5 of the
Supporting Information). This process was rapidly followed
by the formation of multimers. In the case of PpcA, proteins
typically formed either two dimers or linear tetramers (Figure
6B). In contrast, in simulations with cyt ¢, we observed more
compact trimers (Figure 6A) and tetramers. Another
distinction between these two systems was that typically
more porphyrin molecules were bound to the cyt ¢ surface and
tended to form larger contacts (compare panels A and B of
Figure 7). This can be explained by contributions from the
smaller total surface area and a larger number of acidic residues
per unit area on the PpcA surface imposing more restrictions
on possible places for porphyrin binding.

Binding of porphyrins to the surface of cytochrome ¢
observed in molecular dynamics simulations was highly
dynamic and revealed the involvement of the same protein
residues, albeit with somewhat different frequencies in all three
independent runs (Figure 7A and Figure S4 and Table S1 of
the Supporting Information). The most frequent point of
binding of TPPS was observed to be Lys-25 (51.8%) followed
by Gly-24, Ala-83, Gly-23, and Lys-86 (43.8, 41.5, 38.2, and
37.6%, respectively). However, a large number of other
cytochrome ¢ residues were observed within 4 A of water-
soluble porphyrins during the course of all three simulations
(see Table S1 of the Supporting Information). The surface area
of these residues significantly exceeded the size of TPPS,
possibly indicating a number of overlapping binding sites with
comparable binding affinities. Interestingly, the residues
responsible for binding TPPS formed a contiguous area on
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Figure 6. Molecular dynamics simulations performed with four copies
of cyt ¢ or PpcA per water box demonstrate rapid multimerization.
PpcA tended to assemble in dimers or in linear structures (bottom),
while cyt ¢ formed more globular structures (top).

one side of the protein that significantly overlapped with a ring
of lysine residues previously implicated in the binding of cyt ¢
to its physiological partners throu§h a number of chemical
lysine modification experiments>'~>* as well as the part of cyt ¢
seen in X-ray and NMR structures interacting with cytochrome
¢ peroxidase,”*® the bc, complex,*>*”*® and photosynthetic
reaction centers.””® In addition to a significant contribution of
electrostatic interactions from lysine residues and polar protein
backbone atoms of cyt ¢, our molecular dynamic simulations
revealed a contribution from nonpolar interactions consistent
with observed multimerization in the presence of 500 mM
NaCl. The binding interactions on the molecular level were
highly dynamic, which is consistent with reports exploring
molecular dynamics simulations of binding of cyt ¢ to
photosynthetic reaction centers®’ and the bc, complex.®>
Finally, the binding area significantly exceeding the size of a
porphyrin molecule was recently reported by Crowley and co-
workers'® for binding of coproporphyrin to cyt ¢ in their NMR
experiments.

In contrast, simulations of binding of TPPS to 3-heme PpcA
revealed weaker porphyrin interactions (Figure 7, right panel,
and Figure SS and Table S1 of the Supporting Information).
The four residues most frequently forming bonds with TPPS,
Asn-10 (44.7%), Cys-65 (40.9%), Lys-9 (39.9%), and Lys-71
(36.1%), were all found to be located on a small patch of
protein surface near heme IV and the protein’s C-terminus.
Dantas and co-workers recently reported that the binding site
of negatively charged anthraquinone 2,6-disulfonate on the
PpcA surface is also located near heme IV.%* The proposal for a
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Figure 7. Frequency of binding of free base TPPS to cyt ¢ (left) and PpcA (right) in molecular dynamics simulations as a function of time.
Horizontal axes give the residue number in respective proteins and vertical axes the time in nanoseconds. Binding of porphyrin to cytochrome is
defined here as the presence of at least one non-hydrogen atom of TPPS within 4 A of a non-hydrogen atom from the protein. Data from the other
two simulations for each protein are shown in Figures S4 and SS of the Supporting Information.

single preferred porphyrin binding site is consistent with the
observed dimerization limit for PpcA in our SAXS experiments,
while the larger binding area observed in the simulations of cyt
¢ can support binding of multiple TPPS molecules and the
formation of larger multimers.

B DISCUSSION

The design of water-soluble, redox-active, molecular complexes
for protein surface recognition have been of widespread interest
for a range of pharmaceutical, chemical, and biochemical
applications. In this report, we demonstrate that contrary to the
commonly assumed 1:1 binding ratio of water-soluble
porphyrins to monodisperse protein, a number of cationic
proteins formed multimers of variable size in the presence of
anionic TPPS. The complex sizes and binding stoichiometries
varied for all three tested proteins. In all cases, we observed the
formation of dimers when fewer than one porphyrin was
present for each two protein molecules. However, with
excessive amounts of ZnTPPS with respect to cytochrome ¢
or lysozyme, we observed the formation of multimers
significantly larger than dimers. In contrast, even with a 4-
fold molar excess of ZnTPPS over PpcA concentration, only
dimer formation was observed, and a molecular mechanism
leading to such a difference in the complex formation pattern
will be discussed below.

There are multiple factors that control protein multi-
merization. From our experiments with cyt ¢ and various
forms of tetrakis-phenyl porphyrins, we conclude that electro-
static forces play a major role. The high positive surface charge
of cyt ¢ makes it highly water-soluble. Not surprisingly,
negatively charged TPPS can bind to a protein surface with a
charge of the opposite sign. However, it bridges positive
charges on the protein surface and allows two protein
monomers to come to a much closer distance and form a
dimer. If protein surfaces are large enough to accommodate
binding of multiple porphyrins, this opens the possibility of
creating multimers involving more than two proteins. However,
our detection of noticeable cyt ¢ multimerization with 500 mM
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NaCl suggests that contributions from forces other than
electrostatic are also significant. Similarly, the absence of
multimerization with positively charged T(MeA)P and T-
(MePy)P indicates that van der Waals forces and hydrogen
bonding to the nitrogen atoms in the center of the porphyrins
are weaker than electrostatics and not sufficient to drive
multimerization in the absence of favorable electrostatic
attraction or to overcome net electrostatic repulsion with
cationic proteins.

The role of axial porphyrin ligation in protein multi-
merization was demonstrated in experiments with different
metals in the core of TPPS. ZnTPPS formed the smallest
multimers compared to those of H,TPPS and Fe(III)TPPS.
This observation can be explained by the fact that zinc, in
addition to bonds with four nitrogen atoms of the porphyrin,
may form an additional metal-coordinated bond with the
protein. In contrast, both Fe(II[)TPPS and H,TPPS induced
the formation of larger multimers. Unlike pentacoordinated
Zn**, hexacoordinated Fe** may form bonds with protein on
both sides of the porphyrin plane, and the increase in multimer
size indicates a significant role of porphyrin axial ligation in the
stabilization of multimers. Though free base TPPS is lacking a
metal atom in its core, it is capable of forming hydrogen bonds
on both sides of its porphyrin plane. Therefore, the formation
of larger multimers in the presence of H,TPPS than with
ZnTPPS can be expected.

The observed pH dependence that shows an increased level
of multimerization at pH 8.5 compared to that at pH 6 is
somewhat surprising. ZnTPPS does not have protonatable
groups with pK, values anywhere near that pH range. Cyt ¢ is
rich in basic residues, but their pK, values are too far from the
pH 6—8.5 range tested here. Furthermore, even if the pK,
values of those residues are shifted to more neutral values, that
would not explain the observed stronger multimerization under
more alkaline conditions as there should be a larger fraction of
the protonated Lys and Arg residues at pH 6 than at pH 8.5.
However, to form hydrogen bonds with the sulfonate groups of
TPPS and therefore increase binding affinity, those residues
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should be in their protonated forms, and we should observe
stronger binding under more acidic conditions, the opposite of
what we observed in our experiments. Cyt ¢ undergoes
conformational changes under more extreme pH conditions,
but at pH 6-8.5, it stays in its native folded form.** This
observation leaves a possibility that surface-exposed His-33 or
His-26 residues may serve as axial ligands for zinc in ZnTPPS.
For the Zn—Nyy;, bond to form, the N, atom of histidine should
be in its deprotonated form. Thus, stronger binding occurs
under alkaline conditions with a higher fraction of deproto-
nated histidine residues. Alternatively, lysine residues can be
considered to serve as candidates for axial ligands. It is well
established that under alkaline conditions cytochrome ¢
undergoes a conformational change and Lys-73 or Lys-79
displaces the native Met-80 ligand of the heme.®* A similar
effect was demonstrated for other c-type cytochromes with pK,
values for the alkaline transition as low as 7.9 in the case of
Rhodobacter sphaeroides cyt ¢,.%° In the absence of competition
with a native methionine residue forming a bond with a
porphyrin metal atom, it seems reasonable that lysine
deprotonation with subsequent binding to the zinc atom of
ZnTPPS may occur at the pH range tested in our experiments
and can be responsible for the observed pH dependence.

We observed the formation of larger multimers with oxidized
cyt ¢ compared to the reduced form of the protein. This effect
can be due to the overall increase in total protein charge from
+7 for ferrous cyt ¢ to +8 for ferric cyt ¢ under neutral
conditions, making binding on ZnTPPS with a —2 charge more
energetically favorable. However, the extra charge in the
oxidized form of the protein is localized in the vicinity of the
heme iron atom, which is buried inside the protein and should
have a much smaller contribution than the charges localized on
the protein surface. It is feasible that subtle structural changes
and differences in surface hydration patterns associated with
both redox forms of cyt ¢ may play a role in the preferential
multimerization of one redox form of the protein akin to
stronger binding of ferric cyt ¢ to the bc; complex® and ferrous
cyt ¢ to photosynthetic reaction centers.®"

The results of molecular dynamics simulations match our
experimental observations based on X-ray scattering and
provide additional insight into the molecular mechanism of
TPPS-induced protein multimerization. The MD simulations
revealed the involvement of electrostatic and hydrophobic
interactions in the multimerization of cyt ¢ and PpcA. However,
cytochrome ¢ had a larger porphyrin binding area sufficient to
accommodate more than one TPPS molecule bound. Crowley
and co-workers'® reported a similar result based on the NMR
shift values observed for binding of coproporphyrin to yeast
cytochrome c. In this work, they observed significant changes in
residues covering nearly half of the protein surface area and
spanning more than 20 A. The authors explained their result as
an ensemble of protein—porphyrin interactions with similar
binding affinities. While the structural differences of copropor-
phyrin and ZnTPPS and amino acid sequence variations
between yeast and horse heart cytochromes ¢ make direct
comparison difficult, both studies point to a common
mechanism for anionic porphyrin binding involving a
combination of electrostatic and hydrophobic interactions
with residues covering an area significantly larger than the
size of porphyrin molecules in both cases. Further, our work
here demonstrates the additional complexity that anionic
porphyrins are unexpectedly efficient in supporting bridged,

interprotein contacts.
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Finally, the differences in the extents of porphyrin-induced
multimerization with cyt ¢, PpcA, and lysozyme demonstrate a
remarkable control over the multimerization process by the
variation in protein surface chemistry. In particular, the discrete
dimerization of PpcA suggests the existence of a single site for
tetra-sulfonated porphyrin recognition that functions as a
bridging ligand between two PpcA molecules. This result
corroborates the finding of a single binding site adjacent to
heme IV detected by NMR for the humic acid substrate
analogue, anthraquinone 2,6-disulfonate (AQDS), which was
proposed to be the physiological point for the entry of the
electron into PpcA.®> We conducted X-ray scattering measure-
ments with PpcA in the presence of AQDS and found no shift
from the monodisperse state (Figure S6 of the Supporting
Information), suggesting that a tetra-sulfonated ligand motif is
required to template a ligand-bridged dimer assembly. These
considerations suggest opportunities to design redox and
photochemically active surface binding ligands for selected
protein site recognition and ligand-directed supercomplex
assembly. These strategies may provide a means to achieve
controlled, ligand-directed electron transfer pathways in PpcA
and multiheme architectures. More generally, such directed
molecular recognition is relevant for tuning protein interactions
for a broad range of pharmaceutical, chemical, and biochemical
applications.
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