Biochemistry2002,41, 14815-14819 14815

Interactions that Favor the Native over the Non-Native Disulfide Bond among
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ABSTRACT: In the initial stages of the oxidative folding of both bovine pancreatic ribonuclease A (RNase
A) and a 58-72 fragment thereof from the fully reduced, denatured state, the/BXxorrectly paired
disulfide bond forms in preponderance over the incorrectly paired658disulfide bond. Since both
disulfide-bonded loops contain the same number of amino acid residues, the question arises as to whether
the native pairing results from interactions within the-5& segment that lead to a nativelike structure
even in its fully reduced form. To answer this question, the chain buildup procedure, based on ECEPP,
including a solvation treatment, was used to generate the low-energy structures for-th2 B8lase
segment, beginning with residue 72 and building back to residue 58; in this fragment, all three Cys residues
(at positions 58, 65, and 72) initially exist in the reduced (CysH) skter the open-chain energy minima

of the 65-72 peptide were generated, these conformations were allowed to form th&afisulfide

bond, and the energies of the resulting oxidized conformations were reminimized and rehydrated. The
global minimum of the loop-closed 652 structure and many of the low-lying loop-closed minima could

be superimposed on the energy-minimized X-ray structure for residues®T he low-energy structures

for the full open chain 5872 peptide were then computed and were allowed to form disulfide bonds
either between residues 65 and 72 (native) or between residues 58 and 65 (non-native), and their energies
were reminimized and rehydrated in the loop-closed state. Although the overall fold of 2 660op-

closed global minimum was the same as for the energy-minimized X-ray structure of these residues, the
overall rms deviation was 3.9 A because of local deviations among residue®458n contrast, the
65—72 segment of the global minimum of the-582 fragment could be superimposed on the corresponding
residues of the energy-minimized X-ray structurbe lowest-energy structure for the-585 non-native

paired 58-72 sequence was 6 kcal/mol higher in energy than that for the/8%eptide with the 6572
disulfide bond formed. These results suggest that the native pairing of thé26peptide arises from
energetic determinants (adoption of left-handed single-residue conformations by Gly 68, and side chain
interactions involving GIn 69) contained within this peptide sequence.

The oxidative folding of bovine pancreatic ribonuclease These two species constitutes0% of the 28 theoretically
A is under investigation in our laboratorie$—<(11). In the possible one-disulfide species, and each of the remaining 26
early stages of oxidative folding with dithiothreitol, the one-disulfide species is present to an extent of less than 10%
dominant one-disulfide species contains the native disulfide (12). The 65-72 disulfide bond is also the dominant pair at
bond between Cys 65 and Cys 72). The next preponder-  later stages of oxidative folding, in both the two-disulfide
ant species contains the non-native disulfide bond between(13) and three-disulfide1l4) ensembles.
Cys 58 and Cys 65, the ratio of the populations of these Interestingly, the 4:1 ratio of the 652 disulfide bond
species being approximately 4:1 in favor of the-62 bond. relative to the 5865 disulfide bond is maintained not only

in the full 124-residue protein but also in the oxidation of
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folding, a process that was first demonstrated experimentally these resulting minima. Thus, if two or more conformations

by Anfinsen (8). To provide insight into these observations, were found to have the same backbone conformation, only
we have carried out conformational energy calculations to the lowest-energy conformation was retained. These nonde-
determine whether there is an energetic preference forgenerate minima were then combined with the single-residue

forming the 65-72 disulfide bond compared to the 585 minima of the next residue in the sequence, and the above

bond in a fragment consisting of residues52. process was repeated. The entire process was repeated
iteratively, as each amino acid residue was added to the

MATERIALS AND METHODS amino terminus of the growing chain, until all of the amino

Computational MethodsAll conformational energy cal- acids in the sequence had been included.
culations were carried out with ECEP@mpirical Confor- At the stage of the buildup procedure in which the low-
mational Energy Program for Peptide4p). Solvation was  €nergy minima for the 6572 segment were calculated, each
taken into account with the hydration model of Hodes et al. of these minima was allowed to undergo disulfide bond
(20, 21). Briefly, residue hydration is a sum of specific and formation, using the ECEPP loop-closing potenti)( and
nonspecific free energies of hydration. Specific hydration the energies were then reminimized. These energy-remini-
arises from water molecules that are hydrogen bonded tomized structures were then subjected to the hydration
polar atoms of the backbone and side chains of the aminoprocedure. The low-energy structures (that had energies that
acid residues in the sequence. The energy of this hydrogerwere within 5 kcal/mol of that of the global minimum) were
bond is taken to be-1 kcal/mol. Nonspecific hydration ~ superimposed on the energy-minimized X-ray struct@@} (
pertains to the water molecules that can be packed aroundof the same residues in RNase A, by minimizing the root-
the side chains and backbone atoms of residues. Since thénean-square (rms) deviation. The chain buildup procedure
free energy of hydration of each of these groups is known, was then continued by addition of residues from position
it is assumed that the free energy is partitioned equally among64 back to position 58. In this procedure, the minima for
these waters. Depending on the reduction of the volume of the open (i.e., unpaired 652) chain form of residues 65
water molecules that is excluded when two or more atoms 72 were used.

approach each other, the nonspecific solvation free energy The minima generated for the 582 sequence were then

is computed as the fraction of the remaining water volume, gypjected to disulfide loop closure either between residues
multiplied by the free energy density of the group. Allamino g5 and 72 with Cys 58 as SH (native) or between residues
acid residues were treated as electrically neutral, with their 5g and 65 with Cys 72 as SH (non-native). These resulting
atoms carrying partial charges. For a reference conformation,gnformations were then subjected to energy minimization

the free energy of the X-ray structur2] was minimized;  and hydration as described for the-6B peptide in the
the resulting structure deviated by0.1 A from the experi-  preceding paragraph. The resulting low-energy conformations
mental one. for the native disulfide-paired 5872 peptide and for the

Chain Buildup ProcedureTo compute the low-energy  65—72 portion of these conformations were then superim-
conformations of the RNase A 582 peptide fragment (Cys-  posed on the corresponding energy-minimized X-ray struc-
Ser-Gln-Lys-Asn-Val-Ala-Cys-Lys-Asn-Gly-GIn-Thr-Asn-  ture for these residues.

Cys), we used the chain buildup procedu28-25) with

terminally blocked peptides, viz., with GBO for the amino RESULTS AND DISCUSSION

terminus and NHCHl for the carboxyl terminus of each

peptide. Low-energy conformations for the oligopeptides Lowest-Energy Conformations for the RNase A Peptide
were generated from the carboxyl terminus to the amino 65—72. The lowest-energy conformations for the terminally
terminus, with the cysteine residues at positions 72, 65, andblocked peptide corresponding to residues-83 of RNase

58 in the CysH form. In this method, all combinations of A (within 1 kcal/mol of the energy of the global minimum),
conformations of the low-energy single-residue minir®, ( with the disulfide loop closed, are shown in Table 1. The
27) for each successive residue were added to the growingrms deviations of each of the generated low-energy structures
chain and subjected to energy minimization. from the energy-minimized X-ray structure are also shown

The resulting low-energy minima at each stage of the in Table 1. It can be seen from this table that the global
buildup within a cutoff of 25 kcal/mol above the lowest- minimum (rms deviation of 2.3 A) and a number of the
energy (global) minimum were retained. This high-energy energetically low-lying structures can be superimposed on
cutoff was used because we have found that minima thatthe X-ray structure. The structure that gave the lowest rms
have conformational energies that are more than 10 kcal/deviation (2.2 A), conformer 4 of Table 1, has an energy
mol above the global minima in the absence of solvation that is 0.4 kcal/mol higher than that for the global minimum
can become the global minima after solvation is included. (conformer 1 of Table 1). The global minimum structures,

The retained minima at each step were then subjected toconformer 1 of Table 1, and conformer 4 of Table 1 are
hydration based on the solvation model of Hodes et24l, (  Shown superimposed on the corresponding energy-minimized
21). The solvation free energies were then resorted, and thoseX-ray structure in panels A and B of Figure 1, respectively.
conformations whose free energies were within 5 kcal/mol  In the X-ray structure for residues 6%2 of RNase A, a
of that of the global minimum were retained. At this stage, type Il bend forms among residues-668. When subjected
we selected only the nondegenerate minir23, 25) from to energy minimization and hydration, this structure was

found to be>25 kcal/mol in energy above that for the global

L Abbreviations: ECEPP, Empirical Conformational Energy Program Minimum: (conformer 9 in Table 1). This relatively high
for Peptides; RNase A, ribonuclease A. energy arises in part from the presence of relatively high-
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Table 1: Low-Energy Minima for the Terminally Blocked RNase A Table 2. Low-Energy Minima for the Terminally Blocked RNase A

65—72 Peptide N-Acetyl-Cys-Lys-Asn-Gly-GIn-Thr-Asn-Cys- 58—72 PeptideN-Acetyl-Cys-Ser-GIn-Lys-Asn-Val-Ala-Cys-Lys-
NHCHz? Asn-Gly-GIn-Thr-Asn-Cys-NHCH

residue$and conformational states AE rmsd residue3and conformational statés AE  rmsd
n. C K N G Q T N C (kcalmoly (A)e n. CSQKNVACKN G Q T N C(kcallmolf (A)e
1 G E C A* D A CcC A 0.0 2.3 1 CEAACAAAAEC*AA*AA 0.0 2.4
2 G E C D E A C A 0.0 2.4 2 EGFAAAAAAEC AA*AA 0.0 2.6
3 A E C D* E A E C 0.3 2.4 3 CFACAAAAACCAAAA 0.0 2.5
4 A A C C- A A* A A 0.4 2.2 4 EAACAAAAACC-AAAA 1.0 2.5
5 G E C AA D A C C 0.4 2.4 5 DGFAAAAAAEC C*AA* AA 1.0 2.6
6 C E A D A F F A 0.7 32 6 CEAACAAAAECAAAA 1.0 26
7 E D C C* A C E E 0.8 3.2 7 CGFAAAAAAEC AA*AA 1.0 2.6
8 D E C AN G E F C 11 34 § CFACAAAAACC AAAA 60
f * 9 FAGEAAAAACC AAAA 6.0
9 F A B A F B B F 26.0 0.0 10 FFACAAAAACC AA*AC 6.0
aMinima with the 65-72 disulfide bond closed.Represented by 11 EFACAAAAAETC*AA"AA 6.0
the single-letter amino acid codeThe single-letter conformational 12 FFACAAAAAEC AA*AA 7.0
states that are listed are defined in 2& ¢ Conformational energies 13 CAGEAAAAACC*AAAA 7.0
relative to that of the global minimum (no. 1 in the list), includingthe 14 G B F C CE F F AB A*F B B F 27.0

free energy of hydratiorf The rms deviation for the superposition of aSee footnote a of Table ®See footnote b of Table T.See

the coordinates of all backbone atoms of each minimum energy structure,innte ¢ of Table 19 See footnote d of Table . The rms deviation

on the coordinates of the corresponding atoms of the energy-minimized - the superposition of the coordinates of all backbone atoms of the
X-ray structure for these residué€nergy-minimized X-ray structure  giont carboxyl-terminal amino acids (residues-6%) of each minimum

(it deviates by~0.1 A from the experimental X-ray structure). energy structure on the coordinates of the corresponding atoms of the
energy-minimized X-ray structure for these residuedl minima for

nos. 8-13 are for the 5872 peptide with thevrong disulfide bond,

i.e., between Cys 58 and Cys 65Energy-minimized X-ray structure

(it deviates by~0.1 A from the experimental X-ray structure).

Ficure 1: (A) Ribbon diagrams showing the superposition of the
global minimum (conformer 1 in Table 1) for residues—62 of
RNase A (light blue) on the X-ray structure for these residues
(violet). (B) Ribbon diagram for the low-energy structure (con-
former 4 in Table 1) (light blue) that gave the best fit to the X-ray
structure (violet).

energy single-residue states such as B states for Asn 67, Thr

70, and Asn 71. Overall, the X-ray structure forms a bend A

at the Lys 66-Asn 67 junction, which is stabilized by a Ficure 2: (A) Ribbon diagram for the superposition of the global

hydrogen bonding network between the side chains of Gln minimum for residues 5872 of RNase A (conformer 1 of Table

69 and Asn residues 67 and 71. In the global minimum 2) (light blue) on the X-ray structure for these residues (violet).
(B) Ribbon diagram for the superposition of only residues 83

energy structure (conformer 1 of Table 1), there are two o the global minimum shown in panel A (light blue) on the

consecutive bends that form at residues-68 and 66-69. corresponding X-ray structure for these residues (violet).

The second turn at positions 669, which occurs at the

Asn 67—-Gly 68 junction, causes some deviation of the chain  Lowest-Energy Conformations for the 582 RNase A

from the X-ray structure but is similar to the NMR structure Segment with the Disulfide Loop Closed between Cys 65 and

(17). The bend structure of the global minimum is stabilized Cys 72 The lowest-energy structures for the RNase A peptide

by contacts made by the Gln 69 side chain, in particular a Cys 58-Cys 72 with the Cys 65Cys 72 disulfide bond are

hydrogen bond between its side chain CONi#oup and listed in Table 2. In this table, the rms deviations pertain to
the backbone carbonyl oxygen of the €MD end group  the superposition of residues 632 on the corresponding
preceding Cys 65. X-ray structure for these residues as discussed below in this

Of all the low-energy structures that were generated, the section.
one with the highest rms deviation (4 A) (not shown) has  Superposition of the global minimum structure on the
an energy that was 3 kcal/mol higher than that for the global corresponding X-ray structure is shown in Figure 2A. While
minimum. Thus, the global minimum and many energetically the overall chain folds are similar, the overall rms deviation
low-lying structures fold in a manner similar to that of the is 4 A, due mainly to differences in the structure in the middle
X-ray structure. of the chain. Unlike the X-ray structure, there isahelical
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turn in the computed global minimum of the peptide from for forming a bend at the Asn (or Ala) 67Gly 68 junction.
Val 63 to Lys 66. This helical structure was found to persist On the basis of the above findings, therefore, Gly 68 and
in all of the lowest-energy structures as shown in Table 2 GIn 69 appear to be critical residues in stabilizing nativelike
(conformers 1-7) and Figure 2A. structures in the 6572 sequence.

Comparison of the conformational states in the low-energy  Lowest-Energy Structures for the-585 RNase A Segment
conformations of residues 65 and 66 in the isolated B5 with the Incorrect Disulfide Loop Closed between Cys 58
peptide (Table 1) with those of the same residues in the 58 and Cys 65When the open chain minima of peptide-58
72 peptide (Table 2) shows that these residues adopt the A,;72 were subjected to energy minimization with the-5%

A conformation in the 5872 peptide while they adopt disulfide bond formed, the energies of the resulting lowest-
different conformations (G, E) in the isolated peptide, with energy conformations were found to be a minimum of 6 kcal/
the exception of conformer 4 in Table 1 which does adopt mol higher than the energy of the global minimum, as shown
the A, A conformation for residues 65 and 66. Since, as for lowest-energy conformers-8.3 (listed in Table 2). None

shown in Table 1, this structure could also be superimposedof these structures could be superimposed on the X-ray

on the X-ray structure, we explored whether the-62 structure for residues 5872, the best rms fit being 5 A.
segment of the global minimum structure for the-5@ This suggests that disulfide loop closure favors the B3
peptide could be superimposed on the X-ray structure for disulfide bond energetically and is in qualitative agreement
these residues. with the results of prior experimental studies that found that

As shown in Table 2 (conformer 1) and Figure 2B, this the 58-72 peptide, when allowed to oxidize from the fully
domain could be superimposed on the X-ray structure with reduced state, forms substantially more of the—%3
a slightly higher rms deviation than for the isolated-62 oxidized species and that the equilibrium constant for
peptide. Thus, addition of the 5&4 segment appears to formation of the 6572 species is 4-fold greater than for
change the lowest-energy conformational states of the 65 formation of the 5865 species(5, 16).
72 segment but in such a way that this segment remains in  Surprisingly, as shown in Table 2, many of the minima
a nativelike conformation since many of these conformers for this wrongly disulfide paired peptide adopt conformations
superimpose on the X-ray structure for these residues. Sinceor residues 6572 that are similar to the minima found for
the rms deviation is slightly higher, the presence of the 58 the isolated 6572 peptide. For example, in Table 2,
64 segment appears to destabilize the X-ray-like structureconformers 8, 9, and 13 all adopt the AACC*AA*AA
of this segment minimally. conformation for residues 6572, which is identical to

Importantly, as noted in the first subsection above, in all conformer 4 of Table 1. The latter conformer can be
of the low-energy conformations in Table 2 found for the superimposed on the X-ray structure (rms deviation of 2.2
global minimum conformation of the terminally blocked-65  A), as shown in Figure 1B. In this conformation, the S atoms
72 peptide (conformer 1, Table 1 and Figure 1A), the side of Cys 65 and Cys 72 are positioned so that they could form
chain of GIn 69 hydrogen bonds to the carbonyl oxygen of a disulfide bond.
the peptide group preceding Cys 65, thereby stabilizing both  Thus, despite the presence of the incorrect disulfide bond,
the Lys 66-Asn 67 and Asn 67Gly 68 double bends in  the 65-72 segment still retains its nativelike structure. This
both conformer 1 in Table 1 and for the-632 segment of  result is in agreement with the prior experimental findings
the 58-72 peptide (e.g., conformer 1 of Table 2 and Figure that the presence of neighboring residues-64, 73, and
2B). These results, therefore, implicate Gln 69 as being 74 have no influence on the ability of residues 65 and 72 to
critical in stabilizing the bend structures of the 6B form a disulfide bond 17).
segment. Other Methods for Computing Peptide Structuf@ur

In a previous studyl(), it was found that substitution of  conclusions follow from our computations based on the chain
either GlIn for Lys 66 or Ala for Asn 67 had no effect on the buildup procedure23—25), using ECEPP potential functions
equilibrium constant for formation of the 652 disulfide (19). This method is based on a directed search, driven by
bond for the 58-72 peptide. This result is compatible with  the single-residue minima for each sequential amino acid
our finding that the side chains of neither Lys 66 nor Asn that is added to the growing chain. This process automatically
67 make stabilizing contacts in either of the computed lowest- eliminates large high-energy regions of conformational space,
energy structures for the 652 segment, i.e., as either the and has resulted in the prediction of peptide structures that
isolated peptide (conformer 1 of Table 1, Figure 1A) or as were in agreement with the experimentally determined ones
part of the 58-72 sequence (conformer 1 of Table 2, Figure (29).
2B). Likewise, in the energy-minimized X-ray structure for However, it should be noted that many other potential
residues 6572 and 58-72 (conformer 9 of Table 1 and functions, such as AMBER3(0), CHARMM (31), and
conformer 14 in Table 2, respectively), the side chain of Lys DISCOVER @2), have also proved to be successful in
66 makes no contacts with the other atoms in the chain. As predicting peptide structure. In addition, other search methods
noted in the first subsection above, the side chains of Asnhave also been used successfully for predicting peptide
67 and Asn 71 hydrogen bond to the side chain of GIn 69. structure; these involve computations that use the entire
While substitution of Ala for Asn 67 would disrupt the Asn  polypeptide chain in contradistinction to the chain buildup
67—GIn 69 hydrogen bond, it would not affect the GIn-69  method that adds amino acids sequentially. Examples are
Asn 71 hydrogen bond. molecular dynamics33), simulated annealing34), and

Inspection of Tables 1 and 2 reveals that Gly 68 adopts a Monte Carlo sampling with energy minimization (MCM35,
left-handed (starred) state for all of the lowest-energy 36). Other searching approaches include lattice simulations
conformations. This conformation is found in bends with Gly of protein structure 37, 38), genetic algorithms 39),
at the second positior28) and suggests that it is also critical homology modeling 40), and the electrostatically driven
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Monte Carlo (EDMC) method4(l). These methods are more 8.

suitable for simulations of whole protein structures rather
than for smaller peptides such as the ones in this study.

10.

CONCLUSIONS

The lowest-energy structures for the-6B2 peptide of
RNase A are similar to the X-ray structure, although they 12
deviate in the 6669 region where the computed structures

form a bend not present in the X-ray structure; it is stabilized 13:
14.

by side chain interactions involving GIn 69 and by the
adoption of left-handed single-residue states by Gly 68. This

result is in agreement with the results of NMR studies in  15.

which a bend was found for residues-6& in the solution
structure for the 6572 peptide 17). The lowest-energy
minima for the full 58-72 peptide cannot be completely ;7
superimposed on the X-ray structure for the corresponding

residues, due mainly to helix formation for residues-68 18.
in the low-energy minima for this peptide. However, while ~ 19-

the 58-64 segment changes the conformational preferences
for residues 6572, the lowest-energy structures for this 20
segment in the full 5872 peptide still retain a nativelike

conformation, although slightly less so than for the isolated 21-

peptide. That the 6572 segment has strong local confor-  ,,
mational determinants that dictate the formation of a-65

72 disulfide bond is demonstrated by the fact that, despite 23.
formation of the wrong 5865 disulfide bond, the low- 24.

energy states for the 6572 segment are nativelike with Cys
65 and 72 positioned to form a disulfide.

The lowest-energy structures for the -5B peptide 26.

suggest that the presence of residues-&8 appears to
destabilize the nativelike 6572 structure slightly, although
this effect is minimal, as discussed in the preceding
paragraph. Residues 584 differ in conformation from those
of the X-ray structure (Figure 2A). Our results, therefore,

N

N

suggest that formation of the correct-652 disulfide bond 29.

is driven by local interactions within the 652 segment.
In the full RNase A molecule, Cys 58 is paired to Cys 110.
Thus, with Cys 58 and its near-neighbor residues placed near

a structurally well defined domain [chain folding initiation ~ 31.

site @2)] involving residues 105124 in the X-ray structure,

the conformational preferences of residues-68 may be 32
influenced by long-range interactions with this C-terminal
domain.

33.
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