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Abstract

Hydrogen exchange (HX) rates for backbone amide protons of oxidized Pseudomonas aeruginosa
cytochrome cs51 (Pa-cyt ¢) have been measured in the presence of low concentrations of the
denaturant guanidine hydrochloride. Analysis of the data has allowed identification of submolecular
unfolding units known as foldons. The highest energy foldon bears similarity to the proposed folding
intermediate for Pa-cyt c. Parallels are seen to the foldons of the structurally homologous horse cyt
¢, although the heme axial methionine-bearing loop has greater local stability in Pa-cyt c, in accord
with previous folding studies. Regions of low local stability are observed to correspond with regions
that interact with redox partners, providing a link between foldon properties and function.
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Introduction

Cytochromes ¢ (cyts c) serve as important model systems in the field of protein folding [1,2].
Analyses of mitochondrial and bacterial monoheme cyt ¢ folding have revealed common
intermediates and transition states, leading to the proposal of a common folding mechanism
for the cyt ¢ family consistent with a conserved topology (Fig. 1) [2,3]. At the same time,
intriguing differences in the folding properties of monoheme cyts ¢ have been noted. In
particular, the ability to displace the heme axial methionine ligand, located on a loop (loop 3)
toward the C-terminus of the protein (Fig. 1), is dependent on cyt ¢ species. In horse cytochrome
¢ (h-cyt c), the heme axial Met interaction with Fe(l1) is disrupted under mildly denaturing
conditions [4,5] or slightly alkaline pH values [6,7]. In contrast, disruption of the Met-Fe(l11)
bond in some small bacterial cyts ¢ requires near complete unfolding of the protein [8,9]. In
line with these results, NMR analysis of loop 3 has revealed that this loop has greater mobility
in mitochondrial cyts ¢ (Saccharomyces cerevisiae iso-1-cyt ¢ [10,11] and h-cyt ¢ [12]) relative
to small bacterial cyts ¢ (Pseudomonas aeruginosa cytochrome cssq [13] and Bacillus
pasteurii cytochrome c [8,14,15]). The differences in unfolding properties and local stability
of loop 3 among cyts ¢ will be expressed in differences in their folding energy landscapes
[16-18]. On the funnel-shaped energy landscape, high-energy unfolded conformations are
found at the top, the native state at the bottom, and intermediates and transition states are
represented by local energy minima and maxima.
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Hydrogen exchange (HX) is a valuable tool in the elucidation of fleeting partially unfolded

conformations of proteins on their energy landscapes [22,23]. Although there are many protons
within a protein that exchange rapidly with solvent, the amide protons of some residues are

protected from exchange by participating in hydrogen bonding interactions and/or by being

buried inside the protein’s hydrophobic core. Exchange of these protected protons takes place
when a conformational fluctuation occurs, exposing the proton to solvent [24]. These opening
events range from local fluctuations, in which single hydrogen bonds are broken, to subglobal
unfolding events, in which groups of residues unfold, to global unfolding events, in which most
or all of the protein unfolds [12,25]. In the presence of denaturant, the Boltzmann distribution
shifts to favor higher energy (more unfolded) conformations; therefore, performing HX on a
protein in the presence of denaturant allows for detection of unfolding events that are rare under
native conditions. By monitoring HX as a function of denaturant concentration, it is possible
to map residues that unfold as a concerted unit, known as a foldon [12]. The foldons of h-cyt
¢ have been identified, and the Met-bearing loop 3 constitutes a low-energy foldon [12,26],

consistent with the ease with which the axial Met-Fe(111) bond is broken in this protein [4,5].

In this study, foldons of cytochrome cs51 from Pseudomonas aeruginosa (Pa-cyt c) are
identified through analysis of backbone amide proton HX rates and compared to foldons of h-
cyt ¢ (structures are compared in Fig. 1). While the Pa-cyt ¢ foldons show overall similarity
to those of h-cyt c, there also are significant differences in the foldon structures and stabilities.
Finally, a relationship between foldon properties and the physiological electron transfer
functions of h-cyt ¢ and Pa-cyt c is proposed. These results yield detailed information of use
in the interpretation of folding data on cyts ¢, and also provide a link between foldon properties
and protein function.

Materials and Methods

Sample preparation

Pa-cyt ¢ was expressed in E. coli and purified as previously described [13,27]. Preparation of
uniformly °N-labeled Pa-cyt ¢ (U-[1°N]-Pa-cyt c) was by expression on minimal medium
containing [1°N, 99%]NH,4CI (Cambridge Isotope Laboratories, Inc.) as the sole nitrogen
source as described [13,28]. For preparation of NMR samples for HX studies, a 500-uL sample
of 2.5 — 3 mM Pa-cyt ¢ or U-[1°N]-Pa-cyt ¢ in 50 mM NaP;, pH 6.0, and 5x molar excess
K3[Fe(CN)g] in H,O was lyophilized. All experiments were performed on ferric protein.

HX data collection

HX was initiated (time = 0) by adding 500 pl of 0 — 1.4 M NaCl and 0 — 1.4 M GuHCl in
D,0 to lyophilized Pa-cyt ¢ or U-[1°N]-Pa-cyt c, yielding a final protein concentration of 2.5
—3mM in 50 mM NaP;. The experiment was performed on protein samples in the presence of
0,0.2,0.4,0.6,0.8,1.0, 1.2, and 1.4 M GuHCI; the concentration of NaCl was decreased
correspondingly from 1.4 M to 0 M in increments of 0.2 M to maintain a constant ionic strength.
The concentration of GUHCI in stock solutions and in samples was determined using refractive
index measurement [29]. The pH* (uncorrected pH) of samples immediately after addition of
D,0 was between 5.5 and 6.0. For samples with pH* < 6.0, microliter amounts of NaOD were
used to adjust the pH* to 6.0. One sample of U-[1°N]-Pa-cyt ¢ was prepared in 1.4 M GuHCI
at pH* = 5.0 to determine whether exchange is well approximated by the EX2 limit.

NMR data were collected on a Varian INOVA 500-MHz spectrometer operating at 499.839
MHz. After HX initiation for the unlabeled protein samples (0 — 0.8 M GuHCI only)
consecutive 2-D TOCSY spectra (32 scans, (4096 x 256 points, 1.1-second recycle time, 4.5
hours per spectrum) at 299 K without solvent suppression were collected. Data collection
commenced approximately 7 minutes after exchange initiation. When NMR spectra were not
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being collected, samples were kept at 299 K in a water bath. For U-[1°N]-Pa-cyt ¢, HX was
initiated as described above, after which 3 hours of consecutive HSQC spectra (2048 x 32
points, recycle time of 1.5 seconds, total collection time of 5 minutes and 15 seconds) were
collected at 299 K. Additional HSQC spectra were taken at approximately 4, 7, 14, and 20 to
24 hours after HX initiation.

HX Data Analysis

NMR spectra were processed using Felix 97 (Accelrys). Resonance assignments were
determined using standard methods guided by extensive assignments available in the literature
[13,30]. Peak intensities in TOCSY spectra were normalized using peaks of non-exchangeable
protons as references. Cross-peak intensities at various delay times (I(t)) were plotted against
delay time (t) and fit using Kaleidagraph (Synergy software) to a three-parameter single-
exponential equation to obtain exchange rates (Kops):

I (1) =A+B exp (kobs 1) (1)

In the HX experiment, equilibrium “opening” (allowing exchange) and “closing” events dictate
the observed exchange rates:

/(0 kinl
HN (ClOSCd)]\\ﬁPHN (open) — DN (exchanged) ®
Ccl 2

The protein exchanges within the EX2 limit when the closing rate is much faster than the
intrinsic exchange rate (ke > kint) and the folded protein is stable (ke > kop) [31]; under these
conditions, kqps is directly related to the equilibrium constant for the opening reaction leading
to exchange (Kop) according to

kobs:Kop King. 3)
Commonly, this relationship is expressed in terms of a protection factor (P), where

P=ki/kops=1 /Kop- (4)

The free energy for the opening reaction leading to exchange is given by

AG, =RT In(P) ®)

where R is the gas constant and T is the absolute temperature. If exchange of a single proton
can occur via multiple unfolding events, the unfolding event yielding the most efficient
exchange will dominate. The program SPHERE [32,33] was used to determine values of Kjp;.

For each residue with a measurable protection factor, AGx was plotted against concentration
of GuHCI. Some of the plots show curvature, with dependence of AGx on denaturant
increasing with concentration. The plots for residues within a common foldon merge into a

J Biol Inorg Chem. Author manuscript; available in PMC 2009 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Michel and Bren

Page 4

single “isotherm” at higher denaturant concentrations characterized by a common extrapolated
AGpy at zero denaturant (AGpy o) and m-value in the linear region of the plot [12]:

AG,=AG,, , — m [ GuHCI]. ®)

HX.0

The AGhx o value corresponds to the difference in free energy between the native state and
the partially unfolded higher energy conformation in which the foldon of interest is open to
allow exchange. The m-values are related to the change in exposed surface area that occurs
upon the unfolding event, with larger m-values corresponding to larger changes in exposed
surface area [12,34].

Denaturation monitored by circular dichroism spectroscopy

Results

Circular dichroism (CD) spectroscopy was performed on an Aviv Instruments CD model 202
spectropolarimeter equipped with a jacketed cell holder connected to a circulating water bath.
For GuHCI denaturation experiments, protein samples contained 10 uM oxidized Pa-cyt ¢ and
varied (0 - 8 M) concentrations of GUHCI in 50 mM sodium phosphate buffer, pH 6.0. A quartz
cell with a 0.100-cm path length was used. The pH of each sample was adjusted to 6.0 by the
addition of a small amounts of sodium hydroxide or hydrochloric acid solutions to each sample.
The denaturant concentration of each sample was determined by refractive index measurement.
CD spectra of protein samples (200 - 240 nm) at 298 K as a function of [GuHCI] were recorded
with an averaging time of 5 sec and a bandwidth of 1.00 nm. CD spectra of reference samples
(buffer with 0 - 8 M GUHCI) were recorded under the same conditions as the protein samples
to provide a baseline for subtraction from the spectra of the corresponding protein samples.
Protein denaturation was followed by the change of the CD signal at 222 nm. Analysis of the
CD denaturation data to determine the free energy of unfolding in the absence of denaturant
(AGy(H20)) was by fitting to a 2-state model, as described in detail elsewhere [35]. The
resulting denaturation curve and results from the fit are shown in Supporting Fig. S1.

Determination of protection factors in the EX2 limit

Protection factors were determined for 68% of the backbone amide protons of the non-proline
residues in Pa-cyt ¢ (Supplementary Material, Table S1). The backbone amide protons of all
other residues exchanged too quickly with solvent to measure kqps Using the methods employed
here. The residues with rapidly exchanging protons were generally found within loops and at
the ends of helices, as expected.

The HX experiments were performed at pH 6.0 in the presence of GuHCI concentrations of up
to 1.4 M GuHCI. Under these conditions, > 95% of the protein is folded as determined by
circular dichroism spectroscopy (Fig. S1), and Pa-cyt c is expected to exchange within the
EX2 limit. To verify that exchange indeed is according to the EX2 mechanism, an additional
HX experiment was performed at pH 5.0 and 1.4 M GuHCI. As expected for the EX2 limit,
observed exchange rates were approximately 10-fold lower than the rates measured at pH 6.0,
due to the pH dependence of the intrinsic rates [31] (Supplementary Material: Table S2).

Mapping the foldons of Pseudomonas aeruginosa cytochrome css;

Most residues fall within three major categories of HX behavior in denaturant, determined by
their extrapolated AGpx o and m-values: local fluctuations (small AGx o, m-value close to
0), subglobal unfolding events (moderate AGHyx o and m-value), or large/global unfolding
events (AGnx o and m-values similar to those for denaturation). Additionally, residues can
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exchange via local fluctuations or subglobal unfolding events at low concentrations of
denaturant, and then via larger unfolding events with increased denaturant. The latter exchange
behavior will determine to which foldon the residue belongs (i.e., which isotherm it joins).

Most of the residues in Pa-cyt ¢ could be categorized within five foldons, as summarized in
Fig. 2 and Table 1. To facilitate comparison to h-cyt c, the foldons of Pa-cyt ¢ were assigned
colors in order of AGy o values (red < yellow < green < blue < violet) in analogy to published
results on h-cyt ¢ [12,26]. Following are descriptions of foldon assignments grouped according
to the Pa-cyt ¢ substructures.

Helix 1 (residues 3 — 10) and residues undergoing local fluctuations

Loop 1

Residues in helix 1 (Phe7, Lys8, Lys10), as well as Ala35, and Gly54 exchange via local
fluctuations at low GuHCI concentrations, and display steady or increasing AGpx as denaturant
concentration is increased, but exchange too quickly to observe an exchange rate at higher
GuHCI concentrations. This behavior precludes the definitive placement of these residues
within a foldon based on exchange behavior alone. There are 13 residues (13, 14, 26, 27, 28,
37,42, 55,57, 59, 66, 67, and 70) with AGx values that are independent of GUHCI
concentration (m < 2 kJ mol1 M), indicating that they exchange via local fluctuations. For
comparison to the h-cyt ¢ foldons, the residues in Pa-cyt ¢ that exchange via local fluctuations
or those that exchange too quickly to measure an exchange rate were placed into foldons based
on the HX behavior of their neighboring residues and the residues within their common
secondary structure. This approach was taken in analysis of HX behavior of h-cyt ¢ [12].

Loop 1 is placed in the yellow foldon (Fig. 3, AGpx o = 24 — 26 kJ mol%, m = 6 kJ mol?
M-1). Isotherms for representative residues are shown in Fig. 3a. Alal7 is hydrogen bonded to
an internal water molecule, whereas Gly24 is hydrogen bonded to the carbonyl oxygen of
Cys15. The relatively large AGyx o values exhibited by Alal7 and Gly24 may result from their
interactions with the stable Cys-X-X-Cys-His heme-binding unit (residues 12-16).

Helix 2 and Loop 2

Helix 2 residues 29 — 33 along with loop 2 residue Phe34 exchange via a relatively low-energy
unfolding event with a small m-value (AGpx o = 20 — 24 ki mol"t m = 4 - 8 kI molt M) and
are placed in the red foldon (Fig. 3b). Most loop 2 residues exchange too quickly to measure
exchange rates, suggesting that at equilibrium, loop 2 exhibits high local mobility. Note that

the properties of residues in helix 2 are very similar to those in loop 1. It may be appropriate

to consider loop 1, helix 2, and loop 2 to together form one foldon, although they are separated
into two here. It also is reasonable to consider loop 2 to correspond to a lower energy foldon

analogous to the “nested yellow” foldon of h-cyt c.

Helix 3 and Loop 3

Helix 4

Residues in helix 3 and loop 3 exchange via the same high energy unfolding event (Fig. 4a).
Helix 3 residues 44 — 46 exchange via a lower energy unfolding event at low GuHCI
concentrations (AGpx o = 20 — 23 kJ mol™t m = 3 — 4 kJ mol"t M%), but join the isotherms of
other residues in helix 3 and loop 3 (notably, axial ligand Met61) at higher concentrations of
GUHCI (AGpyx o = 26 — 34 ki molL, m = 11 - 15 kJ mol-t M1).

With the exception of residues on the ends, helix 4 exhibits high protection from exchange. At
lower GUHCI concentrations, Ala71, GIn72, Thr73 and Ser80 exchange via an unfolding event
with AGpx o = 25 — 29 kd molt and m = 5 - 11 k mol"t ML, As GuHCI concentration is

J Biol Inorg Chem. Author manuscript; available in PMC 2009 June 1.
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increased, these residues join the isotherms of the other helix 4 residues Leu74 — 79 which
exchange via an unfolding event with a free energy and m-value consistent with global
unfolding (AGHx o = 30 — 36 kJ mol1, m = 12 — 16 kJ mol1 M). Both types of behavior are
represented in Fig. 4b. Notably, the m-values are similar to that determined for GUHCI
denaturation monitored by circular dichroism spectroscopy of 13.7 + 2.7 kJ mol1 M-1 [35].

The Cys-X-X-Cys-His motif

Cytochromes c are characterized by heme binding to a Cys-X-X-Cys-His motif in which the
Cys form thioether bonds with heme and the His serves as a heme ligand (Fig. 5). Cys15 and
His16, which hydrogen bond to Cys12 within the motif, exhibit unique HX behavior (Fig. 4b).
At low and moderate GUHCI concentrations, both Cys15 and His16 exchange via high energy
unfolding events (AGpx o = 26 and 34 kJ molL, respectively) that expose only small amounts
of surface area upon unfolding (m = 2, 4 kJ mol1 M-1, respectively). At high GuHCI
concentrations, His16 exchanges via a high energy opening, exhibiting a large AGpx o (39 kJ
mol-1) larger than is seen for helix 4 or for unfolding monitored by other methods. Notably,
the isotherms of Cys15 and His16 cross those of blue foldon residues, indicating that even
upon unfolding of the highly stable C-terminal helix, the hydrogen bonding interactions within
the Cys-X-X-Cys-His motif remain intact. The isotherm of Cys15 joins that of His16 at the
highest GUHCI concentrations, suggesting that their hydrogen bonding interactions with Cys12
are lost at high concentrations of GuHCI.

Discussion

Comparison of Pa-cyt ¢ and h-cyt c foldons

The foldons of Pa-cyt ¢ and h-cyt ¢ show a number of similarities, in particular for helices
(Fig. 2). In both proteins, the C-terminal helix, containing many of the proteins’ hydrophobic
core residues, is in the highest energy blue foldon, and helix 3 (residues 60 — 70 in h-cyt c) is
in the green foldon. Helix 2 (residues 49 — 54 in h-cyt c) has low local stability and is assigned
to the red foldon in Pa-cyt ¢, and to the lowest energy “nested yellow” foldon in h-cyt ¢ (placed
below the red foldon). Helix 1 in h-cyt c is assigned to the blue foldon along with helix 4 which
it contacts. Helix 1 is not assigned to a foldon in Pa-cyt ¢ because its exchange rates are too
fast to obtain measurements in the presence of denaturant. Notably, helix 1 also displays
relatively fast exchange in h-cyt c. It is possible that the shorter length of helix 1 in Pa-cyt ¢
reduces its local stability enough to preclude its identification as part of the blue foldon. Thus
it is reasonable to expect that helix 1 unfolds cooperatively with helix 4 in Pa-cyt c as it does
in h-cyt c.

The foldons of these two proteins show a number of notable differences. One is that the
AGpy o values in h-cyt ¢ cover a larger range than do the AGpx o values in Pa-cyt ¢ (Fig. 6).
It is possible that the compression of the AGnx o values in Pa-cyt ¢ results from its being
smaller in size than h-cyt ¢ (82 vs. 104 residues) as well as exhibiting a lower global stability
[36]. The second major difference concerns the foldon assignment of loop 3, the loop bearing
the heme axial Met ligand. In h-cyt ¢, loop 3 forms the low energy red foldon. Consistent with
its low-energy foldon assignment, NMR studies of equilibrium unfolding intermediates of h-
cyt ¢ revealed that loop 3 undergoes low energy fluctuations in which the heme axial Met80
is exchanged for one or more Lys residues on loop 3 (positions 72, 73, and 79) under mildly
denaturing conditions [4,5]. In Pa-cyt ¢, in contrast, displacement of the heme axial Met
requires near complete unfolding of the protein [9]. In accord with this observation, the axial
Met-bearing loop is in a locally stable region of the protein in Pa-cyt c, falling within the green
foldon along with helix 3. The structural basis for this difference may be an increase in the
number of interactions between loop 3 and other protein substructures in Pa-cyt ¢ relative to
h-cyt c. A similar proposal has been made to explain the local stability of the homologous loop

J Biol Inorg Chem. Author manuscript; available in PMC 2009 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Michel and Bren

Page 7

in another small bacterial cyt ¢ [14]. An analysis of hydrogen bonding interactions involving
loop 3 reveals substantially more hydrogen bonds between loop 3 residues and other
substructures in Pa-cyt ¢ in contrast with h-cyt ¢ loop 3 in which most hydrogen bonds are
formed within the loop (Supporting Fig. S2). In addition, the high proline content of loop 3 in
Pa-cyt c is expected to contribute to its entropic stabilization.

Relationship to other folding studies: The Iy.c state

The compression of the AGp o values suggests that Pa-cyt ¢ folds more cooperatively than
does h-cyt c. Indeed, the equilibrium folding of Pa-cyt ¢ more closely approximates a two-
state transition than does the folding of h-cyt ¢ [36]. In the proposed common folding
mechanism for cyts c, helices 1 and 4 dock to form a folding intermediate, In.c [2],
corresponding generally to formation of the blue foldon. Results from kinetic folding
experiments on Pa-cyt ¢ suggest that In.c is high in energy, such that Pa-cyt ¢ does not populate
the intermediate to a significant extent, in contrast with h-cyt c. Thus both equilibrium and
kinetic folding of Pa-cyt ¢ more closely approximates a 2-state process, whereas an
intermediate is readily detected in equilibrium and kinetic studies of h-cyt c folding [37].

In Pa-cyt c, helix 1 residues display relatively rapid exchange in the presence of GUHCI and
could not be assigned to a foldon. Despite the rapid exchange behavior of helix 1, it is possible
that this relatively unstable helix in Pa-cyt ¢ docks with helix 4 as part of the “blue foldon”
corresponding to In.c. Indeed, the local instability of helix 1 may contribute to the high energy
of In.c in Pa-cyt ¢ relative to h-cyt c. In wild-type Pa-cyt ¢, helix 1 contains a kink at residue
5 (Val), which results in an unusually long hydrogen bond between Glu4 and Lys8 [19]. A
Pa-cyt ¢ mutation, F7A, has been shown to remove the helix 1 kink and to stabilize the native
protein as well as the Iy.c state, facilitating detection of Iy.c [38]. It is expected that HX rates
in helix 1 of this mutant would be significantly decreased. Thus foldon energy compression
and local instability of helix 1 observed in this work are consistent with previous studies of
Pa-cyt ¢ folding, and provide further support for the assignment of the structure of In.c.

Also of note, the presence of even low concentrations of GUHCI has been shown to affect the
folding pathway of Pa-cyt ¢ by masking the stabilizing effects of a salt bridge between two
residues in helix 1 (Lys 10) and helix 4 (Glu 70) [39,40]. This salt bridge has been shown to
be an important factor in the formation of the Iy.c intermediate [2]. Therefore, the use of non-
denaturing concentrations of GUHCI, while not affecting the global stability of Pa-cyt ¢, may
indeed have some effect on the stability of Iy.c intermediate state.

Loop flexibility and the electron transfer partner binding site

The mitochondrial cyts ¢ serve as electron donors to cytochrome ¢ peroxidase and cytochrome
c oxidase. Structural, kinetic, and mutational studies have implicated loop 3 of mitochondrial
cyts ¢ as the vital structural element in these interactions. More specifically, the Lys residues
onloop 3 (72, 73, 86 and 87) make key electrostatic contacts with cyt ¢ peroxidase in the crystal
structure of the complex [41]; results of kinetic experiments confirm the functional importance
of loop 3 in this interaction [42]. Analyses of the binding of h-cyt ¢ to cyt ¢ oxidase also
implicate the positively charged patch of Lys residues in the binding interface [43,44]. Whereas
charged residues on loop 3 constitute the “hot spot” for protein-protein interactions involving
the mitochondrial cyts ¢, Pa-cyt ¢ interacts with its redox partners via a hydrophobic patch at
the heme edge centering around Val23 (loop 1) and I1e59 (loop 3). Mutational studies
implicated these two key residues in interactions with redox partners. Mutation of residues 23
and 59 has a large negative impact on the electron self-exchange rate, reactivity against Pa
nitrite reductase (the physiological electron acceptor to Pa-cyt c), and the electron transfer rate
to Pa azurin [45].

J Biol Inorg Chem. Author manuscript; available in PMC 2009 June 1.
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It is notable that the different foldon structures and distributions of low local AGHy in h-cyt
c and Pa-cyt c correlate with their different “hot spots” for interactions with physiological
partners. The electron transfer binding site for each protein is composed of residues with low
AGpx values. Loop 1 in Pa-cyt ¢ displays medium-to-low energy unfolding events (yellow
foldon), and its residues found within the hydrophobic patch implicated in protein-protein
interactions exchange by local fluctuations (Val13, Alal4) or show fast (not measured in these
experiments) exchange (Gly11, Met22, VVal23). Although loop 3 as a whole in Pa-cyt c is part
of the higher-energy green foldon, the non-proline loop 3 residues that are within the interacting
hydrophobic patch exchange by local fluctuations (11e59) or show fast exchange (Ala65). In
h-cyt c, the residues implicated in interactions with redox partners are primarily found within
the low energy red foldon [4,12]. As is seen for Pa-cyt c, the key interacting residues show
low protection from exchange [10]. Thus, in both proteins, the residues central to protein-
protein interactions are characterized by low-energy conformational fluctuations.

In electron transfer reactions between proteins, the protein-protein complex is transient in
nature [46]. A conformationally flexible binding site may allow the electron transfer partners
to rapidly sample a range of possible orientations of similar energies, a fraction of which are
electron-transfer active, in a process known as “dynamic docking” [47]. In addition, a flexible
binding site may facilitate rapid dissociation of the complex to allow for efficient turnover
[48,49]. Accordingly, analysis of the dynamics of the blue copper electron transfer protein
azurin has revealed conformational exchange of amino acid residues that are implicated in
interactions with redox partners [50]. The presence of conformational mobility of the portions
of electron transfer proteins that bind redox partners may be a general phenomenon.

The properties of the Cys-X-X-Cys-His motif

The Cys-X-X-Cys-His motif that defines c-type cyts contains the His axial ligand and the two
Cys residues that are responsible for covalently linking the heme to the rest of the protein (Fig.
5a). In h-cyt c, residues within the conserved motif display unique HX behavior, exchanging
through high energy local fluctuations at all GUHCI concentrations, and exhibiting an isotherm
that crosses the blue isotherm believed to be associated with global unfolding [12]. Similar
behavior is seen here for Pa-cyt ¢. Cys15 and His16 hydrogen bond with Cys12 within the
Cys-X-X-Cys-His motif (Fig. 5b), thus, exchange of these residues reports on fluctuations
within this motif. The isotherm for residues 15 and 16 crosses the blue isotherm, indicating
these interactions remain intact even under conditions promoting global unfolding (exchange
of helix 4) (Fig. 4). These findings support the proposal that the Cys-X-X-Cys-His motif is a
locally stable structure generally in cyts ¢ [51]. Notably, a recent study of HX within this motif
suggests that the degree of its flexibility may play a role in tuning heme redox potential by
influencing the strength of the His-Fe interaction [52].

Conclusions

Submolecular unfolding units of oxidized Pa-cyt ¢ have been characterized using HX NMR.
Broad similarities are seen to h-cyt c, in particular in the behavior of the helices. The axial Met-
bearing loop 3, however, shows markedly different behavior in these two proteins with this
loop possessing greater local stability in Pa-cyt c relative to h-cyt c. The results reported here
are in excellent agreement with previous studies of Pa-cyt ¢ folding, including observation of
higher cooperativity in Pa-cyt ¢ folding and higher local stability of loop 3 in comparison with
h-cyt c. Finally, the variations in distributions of local stability in these two proteins are
proposed to relate to their different sites of interaction with redox partners, providing a link
between foldon structure and protein function. The presence of conformational mobility in
regions of electron transfer protein important for interactions with redox partners may be a
general phenomenon.

J Biol Inorg Chem. Author manuscript; available in PMC 2009 June 1.
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Fig. 1.

Structures of (a) Pa-cyt ¢ [19] and (b) h-cyt ¢ [20], with substructures indicated as referred to
in this work. The axial His and Met ligands are shown in ball-and-stick mode. Figure prepared
using Molscript [21].
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Fig. 2.

a The proposed foldons of Pa-cyt c; the extrapolated free energies AGy g for the foldons are
violet > blue > green > yellow > red. Helix 1 and loop 2 (grey) could not be placed into any
of the foldons. b Foldons of h-cyt ¢ [12,26]. The lowest energy h-cyt ¢ foldon is found within
the omega loop at the bottom of the molecule as shown and is termed “nested yellow.”
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Page 13

aPlot of AGhx vs. [GUHCI] for loop 1 residues Alal7 (o) and Gly24 (o), in the yellow foldon.
b Plot of AGHx vs. [GUHCI] for helix 2 residues Ala32 () and Lys33 () in the red foldon.

J Biol Inorg Chem. Author manuscript; available in PMC 2009 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Michel and Bren

Page 14
40— — — — T
35 a ]
= | G5
- (m] .
-g 307 o
3 | Mé1 |
Tx 25[ °© o o© ]
9 A a4 % g ]
20 F Q46 4 A '; ]
i 2 '
15 &
4| K76 b
i © °
_g 30 - - . © ]
S _ AZ1 ) ° H16
< 25F 9 o T . ]
éﬂ I s 7 @ ]
20 ,C15 - -
L : ]
15 |F .
.
10’ s ] 1 " ; ] 5 " 1 | : 5 s | ; 5 :
0 04 0.8 1.2 1.6
[GuHCI], M

Fig. 4.

a Plot of AGHx vs. [GUHCI] for representative residues in the green foldon: helix 3 residue
GIn46 (A) and loop 3 residues Gly51 (o) and Met61 (o). b Open symbols: Plot of AGpx Vs.
[GuHCI] for violet foldon residues Cys15 (o) and His16 (o). Filled symbols: Plot of AGx vs.
[GuHCI] for blue foldon residues Ala71 () and Lys76 ().
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Fig. 5.

Three-dimensional structure of the Cys-X-X-Cys-His motif in Pa-cyt ¢ [19]. a Heme and
residues 12-16, showing His-Fe interaction and structure of the heme-binding peptide. b
Backbone atoms of the heme-binding peptide, with intramotif hydrogen bonds from the
backbone NH of Cys15 and His16 to Cys12 shown.
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Fig. 6.

Average AGpy o values for the foldons in Pa-cyt ¢ (left) and h-cyt c (right) [12,26],
demonstrating how the range of AGpx o values in h-cyt ¢ is larger than the range of values in
Pa-cyt c. The lowest energy foldon on h-cyt ¢ is known as the “nested yellow” foldon.
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Table 1
Assignment and Properties of Pa-cyt ¢ foldons
Structural element residues AGux g m Foldon
(k3 mol'?) (kI mol* M™)

Helix 1 3-10 <15 0-2 Local &
CXXCH 11-16 36 -39 11-13 Violet
Loop 1 17-26 24 - 26 6 Yellow
Helix 2 27-33 20-24 4-8 Red
Loop 2 34-39 .b b Local &
Helix 3 40 - 49 26-34 11-15 Green
Loop 3 50 - 67 26-34 11-15 Green
Helix 4 68 - 80 30-36 12-16 Blue

a . . .
Exchange is through local fluctuations; no foldon assigned

bNot measured; fast exchange
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