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ABSTRACT: Pseudomonas aeruginosa apoazurin (apo, without the copper cofactor) has a single disulfide
bond between residues 3 and 26 and unfolds in a two-state reaction in vitro. The disulfide bond covalently
connects the N-termini of f-strands 1 and 3; thereby, it creates a zero-order loop or a “cinch” that restricts
conformational space. Covalent loops and threaded topologies are emerging as important structural elements
in folded proteins and may be important for function. In order to understand the role of a zero-order loop in
the folding process of a protein, here we used coarse-grained molecular dynamics (CGMD) simulations in silico
to compare two variants of apoazurin: one named “loop” which contained the disulfide, and another named
“open” in which the disulfide bond between residues 3 and 26 was removed. CGMD simulations were
performed to probe the stability and unfolding pathway of the two apoazurin variants at different urea
concentrations and temperatures. Our results show that the covalent loop plays a prominent role in the
unfolding mechanism of apoazurin; its removal alters both the folding-transition state and the unfolded-state ensemble of
conformations. We propose that modulation of azurin’s folding landscape by the disulfide bridge may be related to both copper
capturing and redox sensing.

B INTRODUCTION urea or GuHCI) or heat, the disulfide bond is intact
throughout the experiments and thus it is also present in
unfolded apoazurin.® With respect to in vivo biosynthesis of
azurin, it is not known if the disulfide bond forms before or
after folding of the azurin polypeptide and if an early formation

Azurin from Pseudomonas aeruginosa is a 128-residue protein
characterized by eight f-strands, two a-helices, and two 3,,-
helices arranged in a f-barrel topology (see Figure 1). It has a
blue copper site that can facilitate electron transfer' and has

been used extensively as a model system in experimental of the disulfide modulates the folding process.

protein folding studies.” The folded structure of azurin The covalent loop formed upon connecting residues Cys3
includes a disulfide bond between two cysteine residues in and Cys26 in azurin shortens the protein length by
the N-terminal part, Cys3 and Cys26, that forms a closed loop approximately 20% and restricts contact formation of residues
(or cinch) including 1 and f32. The removal of the copper ion within the covalent loop with other secondary structure
results in the apo-form of the protein, named apoazurin, elements. Similiar to azurin, a large fraction of known proteins
without change in the conformation of the folded protein.’ contain disulfide bonds. Disulfide bonds create closed loops in
Many high-resolution structures of folded azurin have been polypeptide chains and thus restrict protein conformational
reported and they show that the folded-state structure is robust dynamics. The presence of such covalent links may help
and does not change upon metal ion removal, metal ion maintain structure and stability of proteins.” In recent years,
substitution, or by introducing point mutations.” Apoazurin more complex protein folds have been discovered that include
folds/unfolds in a two-state equilibrium and kinetic reaction in closed loops where part of the remaining polypeptide chain has
vitro.® Through mutational studies in vitro (replacing Cys3 and threaded through the loop, forming, for example, pierced lasso

Cys26 with Ser or Ala side chains), it was shown that the type fol 352210 Also, it has emerged that polypeptide chains
presence of the disulfide bond increases the stability of folded

azurin.® Both thermal stability and chemical stability were
dramatically reduced in vitro when the disulfide bond was
absent.” Importantly, as shown by high-resolution crystallog- ] —
raphy data, the protein adopts a folded structure identical to Received:  January 10, 2021 B
that with an intact disulfide also in the absence of the ReVi?ed‘ Mar.Ch 16, 2021 ot

disulfide.”* Apart from the effect on folded-state stability, it is Published: April 5, 2021 %@
not known how the presence of the disulfide bond affects the P
folding mechanism of apoazurin. In in vitro unfolding/
refolding experiments using chemical denaturants (such as

may form knots, slipknots, and more complex knots in their
folded states; sometimes, a protein may have several covalent
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W ACS Publications 3501 J. Phys. Chem. B 2021, 125, 3501—3509


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabio+C.+Zegarra+_target"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dirar+Homouz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pernilla+Wittung-Stafshede"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Margaret+S.+Cheung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.1c00219&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c00219?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c00219?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c00219?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c00219?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c00219?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/14?ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/14?ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/14?ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/14?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c00219?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Figure 1. Representations of the folded structure of apoazurin (PDB ID: 1E65). The folded structure is illustrated in (a) a cartoon representation
of an all-atomistic model; (b) a side-chain Ca representation of a coarse-grained model. These three-dimensional illustrations show the
arrangement of the eight yellow f-strands (f8), two purple a-helices () and two green 3,-helices (G). The f-strands, which form two f-sheets, are
arranged such that they form a f-barrel with Greek-key topology. The residues linked by a disulfide bond (Cys3-Cys26) are shown in red This
disulfide bond forms a loop between $1 and f2. These representations were created using VMD. (Reproducted with permission from ref 33.
Copyright, 1996.) (c) A two-dimensional topology diagram of apoazurin was created using Pro-origami. (Reproduced with permission from ref 34.
Copyright, 2011.) The arrows and cylinders represent f-strands and helices, respectively. The red dot depicts the disulfide bond and the blue dots
illustrate the Cu-binding residues (45, 46, 112, 117, and 121). In all representations, the secondary structures were designated according to DSSP

(Reproduced from ref 35. Copyright, 1983).

loops that are interconnected.'’ Although the presence of
complex protein topologies is acknowledged today, we do not
know how polypeptide chains fold into such entangled
topologies. To start exploring this, we here investigate the
simplest case of a constrained polypeptide chain: the zero-
order loop in apoazurin. To study the role of the disulfide
bond in folding/unfolding of apoazurin, we created two in silico
apoazurin models: one in which the loop is present (named
“loop”), and another, named “open” in which the loop is
absent (the covalent bond between the two Cys residues is
removed). We then compared the unfolding of the two protein
models induced by urea denaturation using structure-based
coarse-grained molecular dynamics (CGMD) simulations.®”"?
The choice of urea denaturation, instead of thermal
denaturation, to investigate apoazurin unfolding allows us to
compare our simulation results with experimental data often
achieved by chemical denaturation at ambient conditions.
The urea effect on protein stability has been investigated
thoroughly by computer simulations in the past decades.'” In a
direct mechanism, urea molecules favorably interact with
backbone peptide bonds and that weakens the hydrogen
bonding within secondary structure elements.'* Urea can also
have favorable interactions with the various amino acid side
chains in the protein.15 As a result, urea, a known chemical
denaturant, shifts the protein equilibrium toward favoring the
unfolded states.'® Its mechanism to denature a protein is rather
local, or sequence-dependent, and shown to be comparable to
thermal denaturation at low urea concentrations. However, the
unfolded state ensemble at high urea concentration can be very
different from that induced by thermal denaturation® because
the latter is dominated by configurational entropy that is less
dependent on the protein’s chemical details. Coarse-grained
models other than all-atomistic ones exist to address urea
effects on folding or unfolding of rather large and complex
proteins.'”'® The Hamiltonian of coarse-grained protein
models developed by our group incorporates the effect of
urea denaturation on both the side chain interactions and the
backbone hydrogen bonding interactions. We parametrized
them'® from all-atomistic model dynamics simulations through
the Boltzmann Inversion Method."” We have employed this
model to test the effect of urea on unfolding of several proteins
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in addition to apoazurin and validated them with experimental
measurements.”*

With this coarse-grained model, here we investigated the
ensembles of open as well as loop apoazurin at various
concentrations of urea. We found that the presence of the loop
not only increases the folded state stability, but it also
modulates the structural core in the transition-state ensemble.
This result reminded us of prior experimental studies on how
azurin’s folding transition state was influenced by divalent
metal ion binding. We therefore extended the investigation by
computing so-called “frustration”,”® that is, a measure of
conflicting forces on each residue in a protein, in different
azurin variants using the web-based “frustratometer”.”’ We
found that removal of the disulfide or adding in the metal ion
both resulted in increased local frustration distant from the
disulfide/metal site.

B METHODS

We have employed a coarse-grained apoazurin protein model
for the investigation. The interactions between the amino acids
under the influence of urea at varying urea concentration were
considered in the Hamiltonian of the coarse-grained model in a
mean-field way. A detailed description of the coarse-grained
model of apoazurin, how urea denaturation was modeled, and
how the computer simulations were performed can be found in
previous work.*” Below, we provided a succinct summary.

a. The Ca Side Chain Coarse-Grained Apoazurin
Model. The all-atomistic representation of apoazurin (PDB
ID: 1E65) (Figure 1a) is replaced by a coarse-grained model
(Figure 1b) in which every amino acid except glycine is
represented by two beads,'” known as the “Ca side chain”
protein model. One bead is located at the a-carbon position,
and the other bead is placed at the center of mass of the side
chains (except glycine). This model captures the essential
physical features and topology (Figure 1c) of apoazurin, while
preserving the angular dependent backbone hydrogen bonding
interactions. The interactions of the model are established by a
structure-based Hamiltonian which incorporates the principle
of minimal frustration on an Energy Landscape,”” allowing
only the contacts formed at the native state to be attractive,
less repulsive.

https://doi.org/10.1021/acs.jpcb.1c00219
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Figure 2. (a) The radius of gyration R, in units of ¢ and (b) asphericity A of apoazurin as a function of temperature in unit of kzT/¢ for loop (Ip)
and open (op) apoazurin at several concentrations of urea (0 M, 2 M, 4 M, 6 M, 8 M). Error bars are included. Temperatures are shown in reduced
units of kzT/e. kg is the Boltzmann constant, T is temperature in Kelvin, and ¢ is the averaged interaction energy.

b. The Hamiltonian of the Protein Consists of
Structural and Nonbonded Potential Terms. The
structural potential is the sum of a bond-length, bond-angle,
dihedral-angle, and chiral potential. The last term is used to
consider the L-form of the side-chains. The equilibrium
structural parameters were obtained from the crystal structure,
which coordinates are found in the PDB file (1E6S). The
nonbonded potential is the sum of a side-chain—side-chain,
backbone hydrogen-bonding, and a repulsive potential. These
terms in the form of a Lennard-Jones potential accounts for the
attractive interaction between native side-chain pairs, and the
formation of hydrogen bond of the secondary structures. The
repulsive interactions were assigned between Ca beads as well
as non-native side-chain pairs.

¢. Modeling the Disulfide Bond. A bond-length potential
was used between the side-chain beads of a pair of residues,
Cys3 and Cys26. To address the importance of the loop in the
mechanism of urea-induced unfolding of apoazurin, we created
the “loop” apoazurin by preserving the Cys3—Cys26 disulfide
bridge in the model and another “open” apoazurin, a linear
protein model, without this disulfide bridge.

d. Modeling the Effect of Urea Denaturation through
Weakened Interactions in the Hamiltonian. The effects of
urea denaturation at a concentration of 0 M, 2 M, 4 M, 6 M,
and 8 M were introduced to the interactions among side chain
beads as well as the backbone hydrogen bonding in the
Hamiltonian of this coarse-grained model by capturing the
statistics from all-atomistic molecular dynamics simulations
with explicit solvent through a Boltzmann inversion
approach.®>'®"?

e. Computer Simulations. (e) The coarse-grained
molecular dynamics simulations were based on an in-house
version of the Amber 10 molecular dynamics package,”
followed by the Langevin equation of motion in the low
friction limit.”* For the simulations, an integration time step of

10~* 7, was used, where the reduced unit is 7, = +/(mc>/€), m

and o are the mass and van der Waals radius of a Ca bead,
respectively, and € is the solvent-mediated interaction
(equivalent to 0.6 kcal/mol at 0 M urea). The configurational
space was sampled efficiently with the replica exchange
method®® (REM). For each condition, a broad range of
temperatures was explored with 40 replicas. After equilibration
of each replica at its corresponding temperature, the simulation
of each replica was performed simultaneously and independ-

ently. After 40 7,, an attempt to exchange between neighboring
replicas i and j was performed following the Metropolis
criterion, where the probability of acceptance is min{1,exp[(f;
= B)(U(r;) — U(r,)]}, where 8 = 1/kgT, kg is the Boltzmann
constant, T is the temperature, and U(r) is the potential energy
of the protein. A total of 200 000 independent conformations
were sampled for each replica. The weighted histogram
analysis method was employed to obtain the thermodynamic
properties.26

f. Data Analyses. We used the fraction of the native
contacts (Q), the radius of gyration (R, measured in units of
the bond length between adjacent Ca beads, ) and asphericity
(A), obtained from the inertia tensor (T)® for describing the
state of a protein. Rg2 was obtained from the trace of T (¢r T =

2_14;), where 4, are the eigenvalues of T. The asphericity was
calculated from 3[Y;3 | (4 — 2)*]/2(tr T)? where 1 is the
average of the eigenvalues.

g. Direct Coupling Analysis (DCA). (g) We examined the
whole azurin sequence using DCA.”” The DCA analysis was
done on the multiple-sequence alignment (MSA) of sequences
of the copper-binding Pfam family (PF00127). This set of
sequences is selected from the UnitProt with the filter setting
of Gaps as “.” or “-” (mixed). The setting of N, M, and M in
running the DCA program is N = 99 (the residue number in
each sequence with no insert), M = 19558 (the number of
MSA sequences), and M, = 6940.98 (the effective number of
nonredundant sequences after reweighting q equal to 21).

B RESULTS

Presence of the Disulfide Bridged Loop Does Not
Change the Two-State Unfolding Character and
Cooperativity. We first analyzed the geometrical character-
istics of the two protein models over a wide range of
temperatures and urea concentrations from CGMD by
calculating the radius of gyration (R,) in units of average
bond length between adjacent Car beads of amino acids (o) as
well as the asphericity parameter (A) over a wide range of
temperatures in a reduced unit in Figure 2. Figure 2a plots R,/
o that measures the overall size of a polymer in an ensemble
over temperature for the loop and the open apoazurin at urea
concentrations ranging from 0 to 8 M. The sharp transition
between the folded (Ry/c ~ 4) and unfolded (R,/c ~ 9) states
in a sigmoidal curve accounts for the strong folding
cooperativity of apoazurin. The point of inflection on the
sigmoidal curve marks the collapse temperature at which a

3503 https://doi.org/10.1021/acs.jpcb.1c00219
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polymeric chain collapses and folds to a native structure. The (@) 7 ,
inflection point temperatures of the sigmoidal curves for the o~ OM kT /e=1.27Ip
open apoazurin is 4—8% lower than those of loop apoazurin at 6r —5— 2M kgT,/e=1.201p
all urea concentrations while the shape of a curve is = =AM kT /e=1.131p
maintained. This implies that the presence of the loop g o o= 6M kyT,/e=0.97Ip
enhances the folded-state stability of apoazurin but does not TCat 57 8M Ky T,/e=0901p
change the two-state character and unfolding cooperativity. 5;

While the profiles of R, curves remain the same for the loop o 3t
and the open apoazurins, we noted that the unfolded states of Sot
loop and open apoazurins differ in terms of asphericity 8
parameter (A) at high temperatures in Figure 2b. Asphericity 1}
indicates a physical intuition of rodlike shape when A J
approaches 1, or a spherical shape when A is close to 0. The - e ]
A in the unfolded state of loop apoazurin is about 4% greater 00 01 02 03 04 05 06 07 08 09 10

Qs . Fraction of native contacts, Q

than that of open apoazurin. Since the folded state structure is (b)
not affected by the presence of the disulfide bond, a decrease in 7 I + OM kgT,/e=1.210p
stability for the open apoazurin may be due to the changes in ol " A 2M kT /=116 op
the distribution of the unfolded states. The average geometry — v 4M kT /e=1.07 op
of the unfolded state ensemble without the loop appears more E 5F . [® &M kgT,/e=0.910p
spherical than the unfolded ensemble with the loop, indicating T @ = 8M kT /e=0.83 op
that there are more accessible unfolded states in the open 3‘;4_ 2\ e
ensemble. o410 \XLP\

The Position of the Transition-State Barrier Moves % \«J\\\]
toward the Native State at High Urea for Open 02} \\\3\\ ‘
Apoazurin. Next, we assessed the one-dimensional free- C 1l \S y
energy profile of loop and open apoazurin against the fraction / \u&_k /;(/
of native contacts, Q, at their corresponding folding temper- o W O
ature (Tg) in Figure 3a,b, respectively. T; is the temperature in 00 01 02 03 04 05 06 07 08 09 10
which the free energy of the folded state (Q¢ & 0.77) is equal to Fraction of native contacts, Q
the unfolded state (Q, =~ 0.16). T; decreases as urea (c)
concentration increases (in reduced unit in Table 1). For 7 - oM kT, /e=1.27 Ip
loop apoazurin, kpT¢/€ is 1.27 at 0 M and decreases to 0.90 at 6l -5~ 8M K, T,/6=0.90 Ip
8 M. At 6 M urea, kgT¢/e = 0.97, marking that 6 M urea is a = —4- OM kT /e=1.21 0p
useful denaturation condition where the thermal fluctuation S5f —= 8M kT /e=0.83 op
(ksTy) is comparable to a pairwise interaction (&) in a protein. (\_E . ‘ ‘
The barrier height of the curve at the transition state ensemble S 5
(TSE, from Q = 03 to Q = 0.55) decreases as urea =3t
concentration increases. There is a notable reduction of the 3
barrier height at 6 M (or 8 M) urea with respect to 0 M urea in it 27
both loop and open apoazurin (Figure 3a,b). Interestingly, for 2.t
open but not loop apoazurin, the shape of the barrier changes
such that the barrier peak position shifts from 0.4 at 0 M to Q of W& ]
~ 0.6 at high urea content (Figure 3c). 00 01 02 03 04 05 06 07 08 09 1.0

Thus, the free energy profiles for open and loop apoazurin
are similar at 0 M urea but differs distinctly at 8 M urea. We
directly compare the free energy profiles of loop and open
apoazurin at 0 and 8 M urea in Figure 3c. Regarding the folded
states, for loop apoazurin the shape of the folded basin is wider
than that of open apoazurin centered at Q¢ &~ 0.77. Regarding
the TSE, for loop apoazurin the height of the free energy
barrier decreases at 8 M compared with 0 M; however, there is
no change in the position of the top of the barrier (Q = 0.35).
In contrast, for open apoazurin, the profile of the TSE peaks at
Q ~ 0.35 at 0 M, whereas the peak of the barrier shifts to Q &
0.52 at 8 M. The position of the unfolded basin is shifted from
Q. = 0.16 for loop apoazurin to Q, &~ 0.12 for open apoazurin,
as some contacts inside the loop never unfold completely in
the case of loop apoazurin. Thus, the TSE placement seems to
depend on the conditions, and the unfolded ensemble is more
“unfolded” for open apoazurin.

The Transition-State Ensemble for the Open and
Loop Apoazurins at High Urea Level Are Structurally
Different. To characterize the structural differences in the
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Fraction of native contacts, Q

Figure 3. Free energy of apoazurin in unit of kcal/mol as a function of
the fraction of native contact Q for (a) loop (lp) and (b) open
apoazurin (op) at five concentrations of urea 0 M, 2 M, 4 M, 6 M, and
8 M. The curve for each urea condition is plotted at the folding
temperature shown in the legend box. All curves are characterized by
two minima, corresponding to the unfolded state (Q, = 0.16), the
folded state (Qf ~ 0.77), and the absence of intermediate states. (c)
The comparison of the free energy of apoazurin as a function of Q for
loop apoazurin and open apoazurin at 0 and 8 M urea. The curves are
plotted at the folding temperature shown in the legend box. The error
of each condition is represented by the shaded width of each line.

Table 1. Folding Temperature, T, in Units of kyT/€ for
Loop and Open Apoazurin at Different Concentrations of
Urea

oM 2M 4 M 6 M 8§ M
loop 1.27 1.20 1.13 0.97 0.90
open 121 1.16 1.07 0.91 0.83

https://doi.org/10.1021/acs.jpcb.1c00219
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Figure 4. Difference in the probability of native contact formation (AP) in the transition states between 8 and 0 M urea for the (a) loop and (b)
open apoazurin at their corresponding folding temperatures (see Table 1). The transition state ranges from Q = 0.3 to Q = 0.55 as shown in Figure
3. The upper triangle represents the hydrogen bond formation (HB) and the lower triangle represents the side chain contact formation. For (a,b),
the green (purple) dashed lines enclose the regions where AP < —0.13 (AP > 0.13). The selected pairs are connected by a blue (red) edge if AP <
—0.13 (AP > 0.13) on the native conformation for (c) loop and (d) open apoazurin. The arrows (from 31 to f38), the rectangles (@1 and a2), and
the rectangles (G1 and G2) represent the f-strands, a-helices, and 3, helices, respectively. The short black lines mark the location of Cys3 and

Cys26 that form the disulfide bond.

TSE at 8 M urea in Figure 3 between open and loop systems,
we calculated the excess contact probability, AP, defined as the
differences in the probability of native contact formation at 8
M urea and that at 0 M urea. AP for loop or open apoazurin is
shown in Figure 4a,b, respectively. The AP includes both the
side chain (SC) contact and backbone hydrogen bond (HB)
formation in the lower and upper triangles, respectively. The
regions where AP is less than —0.13 (greater than 0.13) are
enclosed in green (purple) boxes. Similar analyses on AP for
other urea concentrations are provided in Figure SI.

Indeed, we find remarkable differences in the TSE structures
between loop and open apoazurin in 8 M urea, as shown in
Figure 4. For loop apoazurin (Figure 4a), the contacts between
the strands connected by the loop (#1 and $2) and their
neighborhood (3 and f38) are least affected by a change in
urea at the TSE. The side chain contacts and hydrogen bonds
between al and 33, between the segment from 2 to S and
the segment from $6 to 7, as well as between G2 and the
segment from f6 to f7 are most affected by the change in urea
at TSE (highlighted by the green dashed boxes). This means
that these contacts, forming half of the f-barrel (i.e., the
secondary structures in orange in Figure 1c), are more likely
unformed at the TSE at 8 M urea as compared to in the TSE at
0 M urea for loop apoazurin.

For open apoazurin (in Figure 4b), the data analysis of the
TSE at 0 versus 8 M urea shows dramatic differences to that of
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loop apoazurin. There are several green boxes at different
regions in the protein than found in loop apoazurin, as well as
there being purple boxes (showing AP > 0.13) in the TSE
analysis of open apoazurin. The green boxes, signifying more
unformed contacts at 8 M, capture the regions between 1, 2,
and f33, regions between 6 and f#8, and regions between the
segment from G2 and $8 and the segment from a1 to GI1. In
contrast, contacts within the region including al, 4, a2, G1,
and S (purple dashed box) increases in the presence of 8 M
urea. The region in the purple box centered at a2 is adjacent to
the two fB-sheets that form the S-barrel. The data thus suggest
that in the absence of the disulfide bond, the impact of 8 M
urea on the TSE involves loss of contacts in the f barrel but
gain of contacts resulting in the formation of a new core
centered at a2 and nearby f-strands. The emergence of the
TSE structural core around @2 that resembles the native state
more than the unfolded state can explain the shift in the
position of the TSE barrier toward Q¢ at the higher urea
concentrations in Figure 3c.

The Pair Contacts That Form the g Barrel, the Copper
Binding Site, and the Disulfide Bond Are Highly Ranked
in Direct Coupling Analysis. Because of the apparent effect
on the transition state ensemble, we were curious to investigate
if the Cys residues forming the disulfide bond had coevolved.
Therefore, we examined the whole azurin sequence using
direct coupling analysis (DCA).”” See Methods for operational
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Figure S. (a) The 194 tertiary contacts from the top 500 ranked coevolutionary interactions of azurin based on the DCA analysis are shown in the
upper triangle. The top 50 of these DCA contacts are shown as green bonds in the three-dimensional structure in the lower triangle. The two
cysteine residues (3 and 26) forming the disulfide bond are highlighted using red stick and ball representation, and the Cu-binding residues are
shown using blue stick and ball representation. (b) A comparison of the contact maps between the native structures of apoazuin (PDBID: 1E6S)
and that of holoapozurin (PDBID:1AZU). The upper (lower) triangles are contacts between side chains (backbones). The color gray is for the
contacts shared by both 1E65 and 1AZU. The color blue is for the contacts only in 1E6S. The color orange is for the contacts only in 1AZU.

procedures for the multiple sequence alignment and the setting
of filters for the analysis the DCA. One hundred and ninety-
four pairs out of the top ranked 500 DCA contacts are tertiary
contacts (or nonlocal contacts) (Figure Sa). Thirty-one out of
the 194 tertiary DCA pairs are either backbone hydrogen-
bonded or side-chain contacts selected from the native state
(Figure Sb), the computed positive predictive value (PPV) is
only 15.8% for tertiary contacts. The PPV appears lower than
other reported such values.”” However, they cannot be directly
compared because our method for selecting a native contact is
different from that of Morcos et al.”” Our approach is based on
the contacts of structural units, bringing chemical consid-
erations into account and involving the geometry in a different
way from those depending on a generous cutoff distance
between the center of mass of the two residues (an 8 A is often
used).

Despite the low PPV value, we were surprised by the
interpretation of the DCA pairs when we mapped them to the
native structure. The contacts among the five residues forming
the copper-binding site are among the highest ranked DCA
pairs. Particularly, the three copper-binding residues His46,
Cys112, and Met121 form highly ranked DCA pairs in a clique
of contacts (His46-Cys112, Cys112-Met121, Met121-His46).
The clique of three residues also connects to other highly
ranked DCA contacts forming the f-barrel (Figure Sa). This
web of highly interconnected top-ranked DCA pairs (Figure
Sa, lower triangle) encompasses copper binding residues, the
p-barrel, and also the distal disulfide bond residues (Cys3 and
Cys26) at the other end of the f-barrel, signifying that these
contacts might have coevolved.

B DISCUSSION

Previous in vitro time-resolved folding experiments of purified
apoazurin where the disulfide bridge is intact™® showed that the
transition state structure involved native-like contacts between
a few residues in the core. The transition state structure was

defined by high ¢-values for residues Val31 (3), Leu33 (43),
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and LeuS0 (/34).28 Further kinetic studies in vitro with
additional azurin variants were used to define the transition
state structure better and the experiments showed that whereas
apoazurin (with a disulfide bond) has a fixed folding transition
state (not dependent on denaturant conditions), zinc-bound
azurin had a transition state that gradually changed position
(more/less native like) with the denaturant conditions.””°
Our computations here (Figure 3a) on loop apoazurin probed
by increasing urea content are in accord with the reported in
vitro experimental data showing a fixed position for the folding
transition state of apoazurin. Surprisingly, the folding transition
state of open apoazurin without a loop (in silico) appears
similar to that of zinc-azurin with a loop (in vitro) in that their
placements are both modulated by the denaturant concen-
tration. Thus, adding a zinc ion to the unfolded protein,
coordinating to some of the metal-site ligands, or removing the
disulfide bond gives rise to the same effect on the folding
mechanism. The earlier analysis of the folding transition state
for zinc-substituted azurin at high denaturant concentration
(but not at low denaturant concentration) involved a
structured core including most of f-strands 2, 4, S, and 6.
This transition state for zinc-azurin is very similar to the new
TSE observed here for open apoazurin, with contacts around
a2 and nearby f-strands. This of interest as the disulfide bond
and the metal site are in opposite ends of the folded azurin
structure. In addition, the DCA analysis provided additional
insights to coevolution of tertiary contacts that form the
copper-binding site, the S-barrel, as well as the disulfide bond.
Taken together, the new data suggest that there may be
physicochemical properties of folded azurin we do not yet
understand that connects the disulfide bond formation/
opening and metal ion site. To learn more about underlyin§
features, we ran an analysis using the frustratometer,”
developed by the Wolynes group, on the pdb structures of
loop apoazurin (with the loop) (1E6S), open holoazurin (with
zinc, without the loop) (1EZL), and holoazurin (with copper
and loop) (1AZU) in Figure 6. The frustratometer measures
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Figure 6. Analysis of frustrations in loop holoazurin (1AZU), loop
apoazurin (1E6S), and open holoazurin (1EZL). Highly (minimally)
frustrated residues are shown in panels a and b. The positions of the
two cysteines that form a disulfide bridge are marked in magenta. The
positions of the five residues that coordinate the divalent metal ion
(copper) are labeled in cyan on the schematic representation of
secondary structures along the sequence.

frustrations®’ (conflicting local forces) in each residue along
the protein sequence. Thus, although the three crystal
structures are overall identical, analysis of frustration may
reveal hidden constraints in the fold. The analysis takes the
electrostatic interactions into account, which enables inves-
tigation also of local frustration due to the presence or absence
of metal ion and disulfide bond. Typically, residues with low
frustrations appear in a stable hydrophobic core whereas highly
frustrated residues often signify roles in structural dynamics
needed for biological function, such as allostery or ligand
binding.>* From the analysis, we noticed small variations
among the structures throughout the sequence. For example,
the segment of a1, 34, and a2 (corresponding to the transition
state core at high denaturant for open apoazurin in silico and
zinc-azurin in vitro) is highly frustrated in all three structures,
Figure 6. The frustration in this segment is highest for loop
apoazurin, lower for open holoazurin, and lowest for loop
holozurin. In addition, the area around the disulfide bond
residues has the highest frustration in apoazurin with the loop
present. Adding in copper reduces the strain in this region
regardless of the disulfide bond is intact or not. Taken together
it seems like the presence of metal ion and the disulfide bond
both guide the folding toward a final fold with low frustration.
In contrast, with the loop but no metal folding results in a
structure with more frustration. For further analysis and
conclusions, we would need a high-resolution structure of

apoazurin lacking the disulfide bond.
Bl CONCLUSIONS

Taken together, our study from coarse-grained molecular
simulations provides several important conclusions. First, the
analysis shows that small perturbations (such as removing a
disulfide bond) can influence overall protein stability, as
expected but also affect the folding pathway although the final
folded structure is not altered. Second, we find the effects to be
long-range as removal of the disulfide bond in one part of the
protein results in the population of a new TSE core in another
part of the protein. Third, the similarity of the folding
transition state ensemble of apoazurin without the disulfide in
silico to that determined previously for zinc-substituted azurin
in vitro implies multiple ways to modulate the folding
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mechanism in a specific direction. Fourth, by applying
contemporary computational tools, DCA, and frustrometer,
new features in apoazurin deserving further exploration are
revealed. Fifth, our study of the zero-order loop in apoazurin is
a first step to gather mechanistic knowledge on proteins with
complex topologies, such as proteins with multiple covalent
links as well as polypeptide threading, that are today
recognized to be common in biology.
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