
Denatured State Conformational Biases in Three-Helix Bundles 
Containing Divergent Sequences Localize Near Turns and Helix 
Capping Residues

Moses J. Leavens†,‡, Lisa E. Spang†,‡, Melisa M. Cherney†,‡, Bruce E. Bowler†,‡,*

†Department of Chemistry & Biochemistry, University of Montana, Missoula, Montana 59812, 
United States
‡Center for Biomolecular Structure & Dynamics, University of Montana, Missoula, Montana 
59812, United States

Abstract
Rhodopseudomonas palustris cytochrome c′, a four-helix bundle, and the second ubiquitin-
associated domain, UBA(2), a three-helix bundle from the human homolog of yeast Rad23, 
HHR23A, deviate from random coil behavior under denaturing conditions in a fold-specific 
manner. The random coil deviations in each of these folds occur near interhelical turns and loops 
in their tertiary structures. Here, we examine an additional three-helix bundle with an identical 
fold to UBA(2), but a highly divergent sequence, the first ubiquitin-associated domain, UBA(1), 
of HHR23A. We use histidine-heme loop formation methods, employing eight single histidine 
variants, to probe for denatured state conformational bias of a UBA(1) domain fused to the 
N-terminus of iso-1-cytochrome c (iso-1-Cytc). Guanidine hydrochloride (GuHCl) denaturation 
shows that the iso-1-Cytc domain unfolds first, followed the UBA(1) domain. Denatured state 
(4 M and 6 M GuHCl ) histidine-heme loop formation studies show that as the size of the 
histidine-heme loop increases, loop stability decreases, as expected for the Jacobson-Stockmayer 
relationship. However, loops formed with His35, His31 and His15, of UBA(1), are 0.6 – 1.1 
kcal/mol more stable than expected from the Jacobson-Stockmayer relationship, confirming the 
importance of deviations of the denatured state from random coil behavior near interhelical turns 
of helical domains, for facilitating folding to the correct topology. For UBA(1) and UBA(2), 
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hydrophobic clusters on either side of the turns partially explain deviations from random coil 
behavior, however, helix capping also appears to be important.

Graphical Abstract

INTRODUCTION
One conclusion of Levinthal’s paradox is that efficient folding requires a biased search.1 

Early estimates of the magnitude of necessary bias indicated conformational biases on the 
order of 2kT would be sufficient to allow a protein to fold on a biological time scale.2 

Experimental measurements of conformational biases resulting from residual structure in 
the denatured state ensemble (DSE) indicate that they are on this order of magnitude.3–10 

However, numerous observations have indicated that denatured proteins possess bulk 
dimensions compatible with random coil behavior,11 based on the relationship between 
the radius of gyration, Rg, and the number of residues N in proteins under denaturing 
conditions (Rg α Nν, where ν is the scaling exponent). In particular, values of ν near 0.6, as 
expected for a random coil are observed for large sets of chemically denatured proteins.12,13 

Despite the prevalence of bulk properties consistent with random coil behavior there are 
many examples of proteins that contain significant residual structure.14–26 Moreover, the 
interactions in the DSE are long range and involve hydrophobic stabilization, indicating that 
these interactions may be critical for an efficient conformational search to find the native 
state of a protein chain.27

Small helical bundles are well-studied as models for protein folding.28 Persistent helical bias 
is readily studied with peptide fragments,29,30 and identified by deviation from random 
coil chemicals shifts under denaturing conditions.31–33 The DSE of acyl-Coenzyme A 
binding protein (ACBP), a four-helix bundle, has been particularly well-studied.34–39 ACBP 
possesses long range contacts which manifest its native state topology. Work on the three-
helix bundle B fragment from protein A, shows formation of native-like secondary structure 
in the DSE, where a C-terminal hairpin is thought to be the region of local collapse in 
its DSE.40,41 Moreover, in a minimally topologically frustrated thermodynamic and kinetic 
model of the B fragment from protein A, the highest ϕ values are located in turn regions, 
suggesting these regions are required in the transition state for folding.42 Our lab also 
has shown that thermodynamically significant biases occur near turn sequences of helical 
bundles.4,17,43,44
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Recent work on the DSE has focused on the denaturant dependence of Rg as measured 
by small-angle X-ray scattering (SAXS) versus end-to-end distances, Ree, as measured by 
fluorescence resonance energy transfer (FRET).45–55 In general, both SAXS and FRET 
agree that ν ~ 0.6 in 6 M guanidine hydrochloride (GuHCl) and 8 M urea and that there is a 
gradual decrease in ν as denaturant concentration is lowered, with more pronounced effects 
occurring below ~2 – 3 M denaturant concentration. The significance of DSE compaction 
for protein folding is still debated,45,46,52,53 however, distribution of charge56 and clustering 
of hydrophobic groups46 along the primary structure of a protein have emerged as possible 
factors that control the dimensions of the DSE and may impact the efficiency of protein 
folding. In addition, these factors may affect protein aggregation, an important factor in 
many human diseases.57

Our lab developed a method to evaluate the thermodynamics and kinetics of His-heme loop 
formation in the DSE.8,58–60 The advantage of this method is that it can interrogate the 
properties of the DSE along the length of the primary structure of a protein. The method is 
adept at detecting local sequence-specific variations in the properties of the DSE that result 
from proteins being heteropolymers composed of a set of twenty amino acids with disparate 
properties. Thus, in principle, the effects of local clustering of hydrophobic groups or charge 
distribution should be detectable.

We and others have shown that loop formation with sequences of amino acids that are of 
low-complexity conforms well to simple polymer models.61–68 Thus, we use the Jacobson-
Stockmayer (JS) equation (eq 1),69 which makes the assumption that loop formation for a

𝛥𝑆loop  = − 𝜈3R𝑙𝑛(N) + R𝑙𝑛 3/2𝜋𝐶n𝑙2 𝑣3Vi (1)

random coil is solely limited by entropy, to provide a reference state to evaluate deviations 
of foldable heteropolymeric sequences from random coil behavior. In eq 1, Cn is Flory’s 
characteristic ratio, Vi is the approach volume the monomers must be contained within for a 
loop to form, l is the distance between the monomers in the polymer, R is the gas constant, 
ν3 is the loop formation scaling exponent, and N is the number of residues in the loop. Loop 
formation requires the ends of a loop to search in three-dimensions to make contact, so, the 
scaling exponent for the loop size dependence of N, ν3, is three-fold larger than ν for the 
dependence of Rg on N. Thus, ν3 is 1.8 for a random coil when its excluded volume is 
accounted for.70 However, simulations indicate that excluded volume effects could increase 
ν3 to 2.1 – 2.4.71,72

Initially, the His-heme loop formation method was limited to proteins containing a 
covalently attached heme (c-type heme).4,44,59,60 We later showed that the method could 
be used to evaluate the conformational properties of low complexity homopolymeric 
sequences inserted at the N-terminus of yeast iso-1-cytochrome c (iso-1-Cytc),64–66 which 
demonstrated that His-heme loop formation with foldable proteins differed markedly from 
loop formation with low complexity sequences.66 Recently, we showed that the method 
could be applied to the DSE of UBA(2), a three-helix bundle from the human homolog of 
yeast Rad23A (HHR23A),73 by fusing it to the N-terminus of iso-1-Cytc,43 demonstrating 
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that the thermodynamic and kinetic properties of the DSE of any fold can be interrogated 
with the His-heme loop formation method.

In our previous report on the kinetics and thermodynamics of His-heme loop formation 
in the DSE of UBA(2), a scaling exponent consistent with a random coil with excluded 
volume was observed, as was true for our studies of cytochrome c′, Cytc′, a four-helix 
bundle.4,44 While we observed that loop formation occurs with lower probability as the 
His-heme loop increases in size, a subset of His-heme loops formed under denaturing 
conditions by these three-helix and four-helix bundles are more favorable than expected. 
The kinetics of loop breakage for this same subset of His-heme loops in the denatured 
state is also slower than expected for a random coil.66 The portions of primary structure 
containing this thermodynamic and kinetic bias in the DSE, localize near interhelical turns 
or loops in the tertiary structures of Cytc′ and UBA(2),4,43,44 suggesting that residues near 
interhelical turns form unusually stable contacts in the DSE in these folds. Furthermore, 
molecular dynamics (MD) simulations of Cytc′ under denaturing conditions revealed that 
the persistence of turns in this four-helix bundle is stabilized by hydrophobic side chains, 
particularly aromatic side chains.4 These results indicate that DSE interactions may be 
critical for establishing native state topology.

Here, we apply the denatured state His-heme loop formation method to examine the intrinsic 
DSE conformational properties of the first Ubiquitin-associated domain, UBA(1), from 
HHR23A,74 using a UBA(1) – iso-1-Cytc fusion protein (Figure 1). UBA(1) and UBA(2) 
have identical three-helix bundle native state topologies,74 but only ~20% amino acid 
sequence identity. The His-heme loop equilibria of the UBA(1) – iso-1-Cytc fusion protein 
yield a larger degree of scatter with respect to the JS equation than observed with the 
UBA(2) – iso-1-Cytc fusion protein. As in our previous work,4,17,43,44 strong deviations 
from the properties of a random coil occur along the primary structure near both interhelical 
turns in the native structure of UBA(1). Denatured state His-heme loop breakage kinetics 
data show that rate constants for loop breakage, kb, for histidines probing these segments of 
the primary structure of UBA(1), are small compared to other His-heme loops. Moreover, 
we find that the magnitude of kb for His-heme loops for both UBA(1) and UBA(2) show a 
correlation with the degree of hydrophobic clustering along the primary structure, consistent 
with the recent proposal that clustering of hydrophobic groups affects the compactness of 
the DSE.46 However, the outliers to this correlation form the most stable His-heme loops 
and are involved in helix capping, leading to the novel conclusion that helix capping also 
stabilizes denatured state residual structure.

EXPERIMENTAL PROCEDURES
Cloning the UBA(1) gene into the pRbs_BTR1fuse Plasmid.

The first ubiquitin associated domain, UBA(1), which comprises residues 162 – 204 of 
HHR23A, was inserted between Phe(-3) and Lys(-2) of the yeast iso-1-Cytc domain 
using the unique EcoRI and NgoMIV restriction sites of the pRbs_BTR1fuse vector43. 
The pGEX-2T plasmid containing the UBA(1) gene was a gift from Juli Feigon.74 The 
gene was amplified by PCR with primers that put EcoRI and NgoMIV restriction sites, 
respectively, at the 5’ and 3’ ends of the gene (Table S1). After purification (QIAquick PCR 
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purification kit, Qiagen), the PCR product was cloned into pRbs_BTR1fuse using the unique 
EcoRI and NgoMIV restriction sites of the vector, as described previously.43 The resulting 
pRbs_BTR1(UBA1_Cc) plasmid was sequenced (Genomics Core Facility, University of 
Montana) confirming the presence of the fusion protein gene.

Site-Directed Mutagenesis to Prepare Single Histidine Variants of the Fusion Protein.
The 43 residue UBA(1) domain of the fusion protein has a histidine at position 31. A 
pseudo-wild type (pWT) UBA(1) – iso-1-Cytc variant with a H31N substitution was created 
to provide a template for preparation of single histidine variants. pRbs_BTR1(UBA1_Cc) 
with the pWT gene was used to prepare T7H, S11H, E15H, R24H, Y27H, and E35H 
variants of UBA(1) – iso-1-Cytc. PCR-based site-directed mutagenesis was accomplished 
with the QuikChange Lightning kit (Agilent) employing the primers in Table S2. All single 
histidine sites have high solvent accessibility as assessed with the GetArea algorithm (Sealy 
Center for Structural Biology, University of Texas Medical Branch, http://curie.utmb.edu/
getarea.html).76 The wild type His31 construct also was used for His-heme loop formation 
studies. A tyrosine to glutamine mutation at position 27 was prepared in the His31 
background to examine the role of a local nonpolar side chain on the DSE properties near 
the second turn of UBA(1). Each variant was sequenced (Eurofins Genomics, Louisville, 
Kentucky) to confirm its identity.

Preparation of UBA(1) – iso-1-Cytc Variants.
Expression and purification of pWT and single-histidine variants of UBA(1) – iso-1-
Cytc used previously described methods.43 In brief, the pRbs_BTR1(UBA1_Cc) plasmid 
containing the desired UBA(1) – iso-1-Cytc variant was transformed into competent phage 
T1 resistant BL21(DE3) Escherichia coli cells (New England Biolabs) following the 
manufacturer’s recommended method. After suspending transformed cells from L-ampicillin 
plates into 0.5 mL of sterile 2xYT media, the cell suspension was used to inoculate 1 L 
2xYT cultures in 2.8 L Fernbach flasks containing 100 mg of ampicillin. Cultures were 
incubated at 37 °C for 30 hours in a shaker incubator set to shake at 150 rpm. After 
harvesting (Sorvall Lynx 6000, F12 rotor, 5000 rpm. 10 minutes), cell pellets were preserved 
in a −80 °C or used immediately.

Extraction and purification of protein followed previously described protocols.43,77–80 In 
summary, thawed cells were dispersed in 50 mM Tris, 500 mM NaCl, 1 mM EDTA, pH 
8.0, 2.5 mM PMSF and lysed with a Qsonica Q700 sonicator. Lysate was cleared (Sorvall 
Lynx 6000, F14 rotor, 10,00 rpm, 30 minutes), brought to 8% ammonium sulfate and 
equilibrated overnight at 4 °C with stirring. After removal of precipitated protein impurities 
(Sorvall Lynx 6000, F14 rotor, 10,000 rpm, 30 minutes), dialysis of the supernatant against 
MilliQ water (two changes) containing 1 mM Na2EDTA and 1 mM β-mercaptoethanol 
(βME) was used to remove the ammonium sulfate. The dialysate was brought to pH 6.0 
by addition of 50 mM sodium phosphate monobasic and batch loaded onto CM-sepharose 
resin (100 mL, GE Healthcare Life Sciences). After loading the resin into a glass column, 
it was washed with MilliQ water followed by elution of UBA(1) – iso-1-Cytc with a linear 
gradient (200 mL) from 0 to 0.8 M NaCl with 50 mM sodium phosphate pH 6.0, 1 mM 
Na2EDTA, 2 mM βME as the buffer. Centrifuge ultrafiltration was used to transfer purified 
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UBA(1) – iso-1-Cytc into 25 mM sodium phosphate, pH 6.0, 1 mM Na2EDTA. If not used 
immediately, UBA(1) – iso-1-Cytc variants were stored at −80 °C after flash freezing with 
liquid N2.

Final purification of UBA(1) – iso-1-Cytc variants involved high resolution cation exchange 
chromatography (5.0 mL HiTrap SP HP column, ÄKTAprime plus chromatography system, 
GE Healthcare Life Sciences). After oxidation with K3[Fe(CN)6], Sephadex G25 (GE 
Healthcare Life Sciences, superfine grade) chromatography was used to exchange variants 
into the desired buffer and to remove excess ferricyanide.

Purity was assessed by SDS-PAGE. The molecular weight of each variant was measured 
by matrix-assisted laser-desorption time-of-flight (MALDI-TOF) mass spectrometry (Bruker 
microflex mass spectrometer, Table S3). UBA(1) – iso-1-Cytc variants were characterized 
by MALDI-TOF mass spectrometry immediately before and after each experiment to ensure 
that the fusion protein variants had not undergone cleavage.

Guanidine Hydrochloride Denaturation of UBA(1) – iso-1-Cytc Variants.
All UBA(1) – iso-1-Cytc variants were oxidized with K2[Fe(CN)6]. Sephadex G25 
chromatography was used to remove excess K2[Fe(CN)6] and exchange the variants into 
CD buffer (20 mM Tris, 40 mM NaCl, 1 mM Na2EDTA, pH 7.0), as described above. 
Protein concentration and degree of oxidation were evaluated using the 339, 526.5 and 541.8 
nm isosbestic points and the redox sensitive 550 nm absorbance band.81 The concentration 
of the ~6 M GuHCl stock containing CD buffer was evaluated from refractive index 
measurements.82 A Hamilton Microlab 500 Titrator was used to titrate a given UBA(1) 
– iso-1-Cytc variant (4 µM) in ~ 6 M GuHCl containing CD buffer into a 4 µM solution 
of the variant in CD buffer. The titrator was controlled by the software of our Applied 
Photophysics Chirascan CD Spectrophotometer, which measured ellipticity at 222 nm (α-
helix) and 250 nm (background) after each step of the titration. For each variant, a plot of 
θ222corr (θ222nm - θ250nm) versus GuHCl concentration was fit to eq 2,

𝜃222corr = 𝜃D + mD[GuHCl]

+
𝜃N + mN[GuHCl] − 𝜃D − mD[GuHCl] + 𝜃I − 𝜃D − mD[GuHCl] e

mNI[GuHCl] − ΔGNI ∘ ′(H2O)
RT

1 + e
mNI[GuHCl] − ΔGNI ∘ ′(H2O)

RT 1 + e
mID[GuHCl] − ΔGID ∘ ′(H2O)

RT

(2)

Eq 2 describes 3-state unfolding and assumes a linear free energy relationship between 
the free energy of unfolding, ΔGu, and the concentration of GuHCl.83,84 In eq 2, θN 
and mN, and, θD and mD, are the intercepts and slopes of the native and denatured state 
baselines, respectively. θI is the intermediate state baseline. The parameters mNI and mID, 
respectively, are the rates of change of the free energy of the native to intermediate (ΔGNI) 
and intermediate to denatured state (ΔGID) transitions as a function of GuHCl concentration. 
ΔGNIo′(H2O) and ΔGIDo′(H2O) are, respectively, free energies for the native to intermediate 
and intermediate to denatured state transitions at 0 M GuHCl. Fits assumed mN = 0 because 
in general the native baselines for UBA(1) – iso-1-Cytc variants were too short to fit mN 
reliably. Each variant was subjected to three independent trials.
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Denatured State His-Heme Loop Formation Titrations.
A Beckman DU 800 UV-Vis spectrophotometer was used to monitor pH titrations at room 
temperature (22 ± 1 °C) in the denatured state. Protein concentration was 3 µM. Titrations 
at 4 M and 6 M GuHCl used a 15 mM NaCl, 5 mM Na2HPO4, 1 mM Na2EDTA buffer, 
and previously reported methods.43,85 Absorbance at 398 nm, A398, was used to follow His-
heme loop formation. Absorbance at 450 nm, A450, was used as a background wavelength. 
The apparent pKa, pKa(obs), for His-heme loop formation was extracted from fits of A398corr 
(A398 – A450) versus pH data to eq 3. In eq 3 n is the proton linkage number for His-heme 
loop formation, ALS is A398corr at high pH (low spin heme

A398corr = ALS + AHS × 10𝑛 p𝐾a(obs) − pH

1 + 10𝑛 p𝐾a(obs) − pH (3)

with histidine as the ligand) and AHS is A398corr at low pH (high-spin heme with H2O 
displacing histidine).

His-heme Loop Breakage Kinetics.
pH jump mixing employed an Applied Photophysics SX20 stopped-flow apparatus to 
measure the kinetics of His-heme loop breakage at 25 °C. Previously described methods 
were used.43 All UBA(1) – iso-1-Cytc variants were oxidized, transferred into MOPS 
buffer (10 mM MOPS, 40 mM NaCl, 2 mM Na2EDTA, pH 6.8) and their concentrations 
evaluated, as described above. Refractive index measurements were used to evaluate the 
exact concentrations of 6 M or 8 M GuHCl stocks containing MOPS buffer, as described 
above. Solutions of 4 M or 6 M GuHCl containing MOPS buffer and 6 µM protein were 
prepared. They were mixed 1:1 with GuHCl at 4 M or 6 M buffered at pH 3 or pH 
3.5 (100 mM citrate) using the SX20 stopped-flow instrument. After mixing, the protein 
concentration was 3 µM. For the pWT variant, the starting pH was 8 (20 mM Tris, 2 
mM Na2EDTA, pH 8.0). The pH after mixing was assessed by measuring pH after 1:1 
manual mixing of the GuHCl citrate and GuHCl MOPS buffer solutions. The dead time 
of our stopped-flow was found to be 2 ms by reduction of dichlorophenolindophenol with 
L-ascorbic acid.86 Before fitting kinetic data, 0.002 s was added to each time point. A single 
exponential equation was utilized for fitting kinetic data.

RESULTS
GuHCl Denaturation of UBA(1) – iso-1-Cytc Variants.

GuHCl denaturation followed by CD was used to evaluate the global stability of all 
UBA(1) – iso-1-Cytc variants at pH 7 and 25 °C. Figure 2 shows a plot of θ222corr versus 
GuHCl concentration for each of three single histidine variants (T7H, R24H, and His31) 
and for the pWT variant. The data are consistent with 3-state equilibrium unfolding for 
all variants of UBA(1) – iso-1-Cytc as previously observed with UBA(2) – iso-1-Cytc 
variants.43 Parameters from fits to a 3-state equilibrium unfolding model (eq 2, Experimental 
Procedures) can be found in Table 1. We assigned the thermodynamic parameters from 
the initial stage of unfolding to the iso-1-Cytc domain (ΔGNIo′(H2O) and mNI) and those 
of the second step to the UBA(1) domain (ΔGIDo′(H2O) and mID) based on previously 
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published GuHCl denaturation experiments on the individual domains.87,88 In previous work 
on UBA(2)-Cytc,43 the Cytc domain also unfolded first followed by the UBA(2) domain.

Iso-1-Cytc with all histidines removed except His18 has an unfolding midpoint near 1 M 
GuHCl and an m-value between 3.8 and 4.0 kcal/mol-M,88 close to the mNI values in Table 
1. Previous work on the UBA(2) domain reports an m-value near 1.2 kcal/mol−1M−1,87 close 
to the mID values in Table 1. As observed for UBA(2) – iso-1-Cytc,43 the m-value for the 
N→I transition, mNI, assigned to unfolding of the iso-1-Cytc domain increases significantly 
when the UBA(1) domain has surface histidines compared to mNI for the pWT variant. Each 
single histidine substitution decreases the midpoint for the native to intermediate transition, 
CmNI, by 0.3 – 0.6 M. However, the free energy for the native to intermediate transition at 0 
M GuHCl, ΔGNIo′(H2O), mostly shows little change because of the increase in mNI.

Many of the single histidine variants of UBA(1) – iso-1-Cytc show little to no effect on the 
UBA(1) domain stability. For the pWT variant, the midpoint for the transition between the 
intermediate and denatured states, CmID, is 2.3 M. For the E35H, His31/Y27Q and Y27H 
variants, CmID is within error of this value. For the remaining variants, CmID decreases 
significantly. The GuHCl unfolding m-values for the UBA(1) domain, mID, remain more 
or less constant for most variants. However, mID decreases for the His31 and T7H variants 
compared to pWT. As a result, ΔGIDo′(H2O) decreases significantly for all variants except 
for the E35H, His31/Y27Q and Y27H variants. The degree of population of the denatured 
state for all variants at both 4 M GuHCl and 6 M GuHCl (conditions of His-heme loop 
formation titrations) was evaluated using the parameters in Table 1. In all cases, the 
denatured state is at least 95% populated at both GuHCl concentrations.

Thermodynamics of Denatured State His-Heme Loop Formation for UBA(1) – iso-1-Cytc 
Variants.

The His-heme loop formation method was developed as a means to probe the 
thermodynamics of the denatured state along the length of a protein. Here, we apply the 
method to UBA(1), a three-helix bundle. The His-heme methodology requires a heme and 
a single engineered histidine within the fold under study, to form a His-heme loop of a 
particular size. As with our previous work on the UBA(2) – iso-1-Cytc,43 we fused UBA(1) 
to the N-terminus of iso-1-Cytc (Figure 1) to provide a heme. Under denaturing conditions 
only an engineered histidine in UBA(1) is available, because all the native histidines of 
iso-1-Cytc have been replaced. Cys14 is the nearest site of heme attachment to the UBA(1) 
domain in the fusion protein (see Figures 1 and 3). Thus, 16 residues from the primary 
structure of iso-1-Cytc are contained within each loop formed by a histidine from the 
UBA(1) domain. Chain stiffness becomes a factor for loop sizes less than 16.89 Therefore, 
for comparing the denatured state properties of UBA(1) with those of a random, insertion 
between Lys(-2) and Phe(-3) is ideal. Our lab has used this insertion site for previous 
work on denatured state loop formation with homopolymeric amino acid sequences,3,64–66 

providing for straightforward comparison to these data.

Under denaturing conditions, Met80 is a weak ligand for Fe3+ that is readily displaced by 
water,90 permitting binding of the unique histidine (for pWT, lysine91) to the heme. Because 
the histidine side chain can be protonated, a simple denatured state pH titration allows the 
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relative stabilities of a set of His-heme loops to be compared through the apparent pKa, 
pKa(obs) obtained from the titration (Figure 3).

The pH titration data for the pWT, T7H, R24H and His31 UBA(1) – iso-1-Cytc variants 
in 6 M GuHCl are provided in Figure 4. The His-heme loops are fully formed at pH 7 
for all variants except T7H, yielding a low spin state for the heme with the peak of the 
heme Soret band near 408 nm. As pH decreases, and water, a weak field ligand, displaces 
the strong field ligand (His, Lys) from UBA(1), the heme undergoes a low spin to a high 
spin transition. Fitting the DSE pH titration data to the Henderson-Hasselbach equation (eq 
3, modified to account for proton linkage number, n, see Experimental Procedures), allows 
determination of pKa(obs) (Table 2), and thus the relative stability of each His-heme loop. 
The pWT variant has pKa(obs) near 7.3 (6 M GuHCl) and 6.7 (4 M GuHCl), which sets 
the upper limit for the pKa(obs) values that can be measured under denaturing conditions. 
For single histidine variants, the E35H, His31 and E15H variants have the lowest pKa(obs) 
values at both 4 and 6 M GuHCl indicating that these variants form the most stable His-
heme loops in the DSE of UBA(1). The data in Table 2 show pKa(obs) increases with 
increasing loop size at both 4 and 6 M GuHCl. However, the E15H variant is a notable 
exception. But, in general under both denaturing conditions, longer His-heme loops are less 
stable consistent with the JS equation (eq 2). Because the histidine must lose one H+ to form 
the His-heme loop (Figure 3), n is expected to be close to one, as observed (Table 2).

The equilibrium for histidine-heme loop formation occurs in two steps as denoted by eq 4. 
First, the histidine ionizes, pKa(HisH+), then the deprotonated histidine binds to the heme, 
pKloop(His).

p𝐾a(obs) = p𝐾a HisH+ + p𝐾loop(His) (4)

For iso-1-Cytc, pKa(HisH+) is 6.6 for a range of loop sizes and GuHCl concentrations.85 

Thus, the pKloop(His) values in Table 2 were obtained by subtracting 6.6 from pKa(obs) for 
each variant. For pKloop(His), a larger negative magnitude corresponds to a His-heme loop 
that is more stable.

His-Heme Loop Breakage Kinetics in the DSE of UBA(1) – iso-1-Cytc.
His-heme loop breakage and formation kinetics follow a kinetic model involving rapid 
deprotonation of histidine and subsequent binding of the histidine to the heme.92 Eq 5 
describes the dependence of the observed rate constant, kobs,92 on pH. In eq 5, Ka(HisH+) 
is the acid dissociation constant, and kf and kb are rate constants for loop formation and 
breakage, respectively.

𝑘obs = 𝑘b + 𝑘f
𝐾a HisH+

𝐾a HisH+ + H+ (5)

When pH<<pKa(HisH+), kobs ≈ kb. Because pKa(HisH+) is near 6.6, histidine-heme loop 
breakage kinetics at 4 M and 6 M GuHCl were evaluated by pH jump down to pH 3.0 
and 3.5. Histidine-heme loop breakage kinetic traces are consistent with single exponential 
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kinetics (Figure S1). The kobs values obtained at pH 3.5 and 3.0 are similar for all UBA(1) – 
iso-1-Cytc variants, confirming that kobs ≈ kb under these conditions (Table S4).

The values of kb at 6 M GuHCl for the His-heme loops studied for the UBA(1) and UBA(2) 
domains fused to iso-1-Cytc are plotted versus loop size in Figure 5. The kb values for 
His-heme loops containing poly(Ala) inserted between Phe(-2) and Lys(-3) of iso-1-Cytc66 

are also provided in Figure 5. As previously observed with the UBA(2) – iso-1-Cytc 
fusion protein, the magnitude of kb varies irregularly versus loop size. By contrast, for 
the polyalanine-containing His-heme loops (poly(Ala)), which behave as random coils in 
strong denaturant solution,66 the magnitude of kb is largest for small His-heme loops but 
gradually plateaus to values near 60 s−1 at longer loop sizes. The irregular behavior of kb 
values as a function of loop size for UBA – iso-1-Cytc fusion proteins indicates that regions 
of the primary structure of UBA domains are prone to residual or non-random structure in 
the DSE. In 6 M GuHCl, unusually persistent His-heme loops in 6 M GuHCl are observed 
for the E27H (~46 s−1) variant of UBA(2), and the His31 (~29 s−1), His31/Y27Q (~29 s−1) 
and His15 (~25 s−1) variants of UBA(1). These variants also have His-heme loops with high 
equilibrium stability (Table 2).

DISCUSSION
Thermodynamics of Fusion Protein Denaturant Unfolding.

We previously fused the UBA(2) domain to the N-terminus of iso-1-Cytc, and upon 
introducing single surface-exposed histidines into UBA(2) discovered that they decreased 
the CmNI for unfolding of the iso-1-Cytc domain.43 A similar effect occurs when UBA(1) 
is fused to iso-1-Cytc. Notably, the CmID for UBA(1) unfolding is ~1.4 M greater than 
the CmNI for iso-1-Cytc unfolding for most single histidine fusion protein variants (Table 
1). Both the UBA(2)43 and the UBA(1) domains of the respective fusion proteins remain 
folded after the iso-1-Cytc domain has unfolded. Therefore, folded UBA domains with a 
surface histidine appear to be able to unfold the iso-1-Cytc domain by binding to the heme. 
As the length of the denatured state His-heme loop produced by the appended UBA(1) 
domain increases, the stability of that loop generally decreases. Thus, as His-heme loop 
size increases, iso-1-Cytc domain stability might be expected to increase. However, because 
the UBA(1) domain is not fully unfolded when the iso-1-Cytc domain unfolds, a simple 
correlation of this sort is unlikely and is not observed (Table 1). The high local concentration 
of an independently folded domain linked to iso-1-Cytc is sufficient to decrease the CmNI of 
the iso-1-Cytc domain.

For pWT, which does not contain a surface histidine, the CmNI value of 0.9 M for the 
iso-1Cytc domain is the same as Cm reported for an isolated iso-1-Cytc domain (~1.0 M).88 

The linked UBA(1) domain significantly lowers the m-value indicating that interactions 
between the two domains affect the cooperativity of unfolding of iso-1-Cytc. The single 
histidine variants of the UBA(1) domain have CmNI values less than pWT (0.23 to 0.55 M, 
Figure 2 and Table 1). Interestingly, disrupting the weak heme-Met80 bond with a histidine 
on the surface of an attached folded domain also increases the cooperativity of unfolding 
(m-value increases), so, that the magnitudes of ΔGNIo′(H2O) for the variants are similar to 

Leavens et al. Page 10

Biochemistry. Author manuscript; available in PMC 2022 October 19.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



pWT despite the decrease in CmNI. Thus, introduction of a solvent accessible histidine into 
the UBA(1) domain catalyzes unfolding of the iso-1-Cytc domain.

For wild type UBA(1) which contains His31, the unfolding data were not consistent with 
3-state unfolding (see Table 1). The native histidine at position 31 in UBA(1) destabilizes 
the iso-1-Cytc domain to such an extent that it is completely unfolded at 0 M GuHCl 
(see Figure 2). The iso-1-Cytc domain of His31/Y27Q variant is also destabilized, but, the 
unfolding transition of the iso-1-Cytc domain is observable, indicating that Tyr27 stabilizes 
the binding of the native state of UBA(1) to the iso-1-Cytc heme. Thus, both the placement 
of the surface histidine within the UBA(1) domain and the residues of the native state of 
UBA(1) that interact non-covalently with the heme affect the degree to which the linked 
UBA domain destabilizes iso-1-Cytc.

As observed for UBA(2) – iso-1-Cytc,43 the impact of single histidines on the UBA(1) 
domain stability is variable. The Cm for the pWT UBA(1) variant is 2.3 M. Several of the 
single histidine variants (E35H, Y27H, and T7H) have Cm values within error of pWT. 
However, the His31, R24H, E15H and S11H variants have Cm values between 0.6 M and 
1.4 M. As a result, these latter variants all show a significant decrease in ΔGID°′(H2O) of 
the UBA(1) domain relative to pWT. Moreover, because the values of ΔGIDo′(H2O) and 
mID for the E35H, His31/Y27Q and Y27H variants are similar to those of pWT, binding to 
the heme does not necessarily affect the UBA(1) domain stability. For His31 and T7H, mID 
decreases, implying binding of a histidine from UBA(1) to the iso-1-Cytc heme can impact 
the structure of UBA(1). The E15H, R24H and S11H variants have significantly decreased 
CmID and ΔGID°′(H2O) compared to pWT, but mID remains unchanged, indicating that 
UBA(1) domains can remain folded but have a decrease in stability caused by the histidine 
substitution.

Comparison of Denatured State His-Heme Loop Formation for UBA(1) versus UBA(2).
As discussed in the Introduction, denatured state loop stability versus loop size can be 
compared to the expectations for a random coil using the JS relationship (eq 2).69 Eq 6 
assumes the free energy of loop formation, ΔGloop(His), is completely entropic.

𝛥𝐺loop (His) = 𝑙𝑛(10)RTp𝐾loop(His) = − TΔ𝑆loop (6)

Substituting ΔSloop as expressed by eq 1 into eq 6 yields eq 7,

p𝐾loop(His) = p𝐾loop(His)ref + 𝜈3log(N) (7)

where pKloop(His)ref is pKloop(His) for a loop nominally containing 1 residue and ν3 is 
the loop formation scaling exponent. Thus, pKloop(His) is proportional to the logarithm of 
the loop size, N, with a slope of ν3. The magnitude of ν3 ranges from 1.8 to 2.4, for 
a random coil polymer with excluded volume.70–72 Of course, ΔGloop(His) is not entirely 
entropic because formation of a His-Fe3+ bond will have an enthalpic component. However, 
the enthalpy of His-Fe3+ bond formation should not vary significantly between variants and 
is incorporated into pKloop(His)ref. Thus, deviations from the linearity expected from eq 7 
represent non-random interactions in the denatured state.
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Figure 6 shows the dependence of pKloop(His) on log(N) for UBA domain data obtained 
in 4 M GuHCl. Figure 6 also includes, previously published data for histidine-heme loop 
formation with iso-1-Cytc66 containing variable-length insertions of poly(Ala) at the N-
terminus. The poly(Ala) data adhere closely to eq 7. For the UBA domains, the scatter about 
the best fit line to eq 7 is significant, indicating that segments of primary structure in the 
UBA domains have non-random behavior. The previously reported pKloop(His) data for the 
UBA(2) had only a single His-heme loop (E27H variant) that deviated significantly from 
the best fit line to eq 7 (solid red line, Figure 6), allowing a reasonable fit to eq 7. The 
slope of the best fit line for UBA(2) is similar to those observed for the poly(Ala) sequences. 
At 4 M GuHCl, pKloop(His) for the E27H variant of UBA(2) is 0.28 units more negative 
than expected from the best fit line to eq 7 at 4 M GuHCl. For UBA(1), three of seven 
variants have unusually strong His-heme loops in 4 M GuHCl (Figure 6). The remaining 
four pKloop(His) data points for UBA(1) fall close to the best fit line for UBA(2), suggesting 
that the best fit line for the UBA(2) data provides a good approximation for segments of 
UBA(1) that approach random coil behavior.

To test the robustness of this approximation, we fit the UBA(2) data to eq 7 without the 
E27H data point (red dotted line, Figure 6). We also did a combined fit to eq. 7 of the four 
UBA(1) data points that lie close to the best fit UBA(2) line and the UBA(2) data excluding 
the E27H data point (blue dotted line, Figure 6). Both data sets yielded best fit lines similar 
to the fit to the complete UBA(2) data set, but with better correlation coefficients. Similar 
results were obtained for the pKloop(His) data of the UBA domains at 6 M GuHCl (Figure 
S2) indicating that the E27H data point for UBA(2) and the E15H, His31, His31/Y27Q and 
E35H data points for UBA(1) are outliers with respect to random coil behavior. Therefore, 
we have used the best fit lines to eq 7 to the combined UBA(1) and UBA(2) data excluding 
these 5 data points, to evaluate the deviation of the unusually stable His-heme loops of 
UBA(1) from random coil behavior. At 4 M and 6 M GuHCl, the E35H, His31 and E15H 
variants deviate from this best fit line by −0.47 to −0.86 pK units. All three loops are more 
stabilizing than expected, suggesting that the local sequence is prone to residual structure. 
Converting these deviations to free energy units [ΔΔGloop(His) = ln(10)RTΔpKloop(His)] for 
the 6 M GuHCl data, the E35H and His31 variants form loops that are 0.74 ± 0.01 kcal/mol 
and 0.63 ± 0.01 kcal/mol more stable than expected, respectively, and the E15H loop is 1.10 
± 0.07 kcal/mol more stable than expected. At 4 M GuHCl, the E35H loop is 0.65 ± 0.07 
kcal/mol more stable than expected, and the His31 and E15H loops are 0.9 ± 0.1 kcal/mol 
and 0.95 ± 0.05 kcal/mol more stable than expected, respectively.

In previous work with UBA(2)43 and the four-helix bundle Cytc′,4 we have observed that 
unusually stable loops are formed by histidines adjacent to turns in the native state structure. 
Molecular dynamics simulations of the DSE of Cytc′ indicated that the topologies of the 
turns were retained through transient hydrophobic clusters. For UBA(2), the unusually stable 
loop (E27H, stabilized by 0.41 ± 0.03 kcal/mol at 4 M GuHCl and 0.5 ± 0.1 kcal/mol at 6 M 
GuHCl relative to the combined UBA(1)/UBA(2) random coil reference state) was adjacent 
to the helix 2/helix 3 turn. In the case of UBA(1), unusually stable denatured state loops 
occur near both the helix 1/helix 2 turn (E15H) and the helix 2/helix3 turn (His31). The 
other stable loop (E35H) is one turn into helix 3. For Cytc′, which has four long (20 – 
24 residue) helices, stable loops adjacent to turns were also up to a turn into the helices. 
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Thus, stable loops may reflect hydrophobic residues near turns that can induce dynamic 
hydrophobic clusters that bias the denatured state ensemble toward the native topology.

Relationship of Residual Structure to Loop Breakage Kinetics.
The values of kb plotted as a function of loop size (Figure 5) vary irregularly. Our previous 
results with the UBA(2) domain,43 found that the magnitude of kb was small for the stable 
loop formed by the E27H variant. For UBA(1), we observe similar behavior for the stable 
His-heme loops formed by the E35H, His31 and E15H variants. These three His-heme 
loops have the smallest kb values at both 4 M and 6 M GuHCl (Figure 5, Figure S2, Table 
S4). These findings are consistent with these regions of the primary structure of UBA(1) 
stabilizing persistent structure in the DSE, compared to the primary structure of other 
portions of UBA(1).

Our His-heme loop formation study of the four-helix bundle Cytc′, showed that His-heme 
loops with small kb values were associated with histidines adjacent to the helix1/helix 2 
turn and at the ends of the Ω-loop that joins helix 2 to helix 3.4 MD simulations of the 
DSE of Cytc′ showed that hydrophobic (particularly aromatic) residues make persistent 
contacts which favor the topology of the turns. Numerous studies demonstrate that aromatic 
residues cause stabilization of residual structure and promote long range interactions in the 
DSE.14,15,93–97 Because our previous work showed that aromatic residues near the histidine 
involved in the His-heme loop can stabilize the loop by up to 0.7 kcal/mol, we added a 
Y27Q substitution to the His31 variant. This substitution neither changes pKloop(His) (Table 
2), nor kb for loop breakage (Table S4) significantly. Thus, Tyr27 does not stabilize residual 
structure near the second interhelical turn of UBA(1).

Our previous work showed that stabilizations of ~0.3 kcal/mol and ~0.7 kcal/mol were 
achieved at 3 M and 6M GuHCl, respectively, when an Ala→Trp replacement was made 
three residues from the histidine involved in loop formation.3 Similarly, when an alanine 
was replaced with Trp, Tyr or Phe, four residues from the histidine involved in loop 
formation, stabilizations of 0.4 – 0.5 kcal/mol were observed in 3 M GuHCl. By contrast, 
a Leu substitution caused minimal loop stabilization.5 In all cases, the aromatic residue 
that stabilized the loop was within the His-heme loop, whereas Tyr27 is outside the loop 
formed by His31. However, the R24H variant which forms a loop that includes Tyr27 is not 
unusually stable (Figure 6) nor is its kb for loop breakage unusually small (Figure 5). Tyr 
36 is within the loops formed by His31 and His35 (E35H variant) and may contribute to the 
stability of these loops, perhaps via dynamic hydrophobic clusters in the DSE, which could 
stabilize the topology of the helix 2/helix 3 turn.

Scaling Properties of UBA(1).
Because of the degree of scatter in the dependence of pKloop(His) on Log(N) for UBA(1) 
( Figure 6), we used the best fit line to the JS relationship (eq 7) of the data for UBA(1) 
and UBA(2), excluding the five data points that exhibit non-random behavior in the DSE, 
to estimate the stabilization of His-heme loops relative to the expectations for random coil 
behavior. These fits yield ν3 = 2.2 ± 0.3 at 4 M GuHCl and ν3 = 2.0 ± 0.4 at 6 M GuHCl. 
Direct fits of the plots of pKloop(His) versus Log(N) for the UBA(1) domain yield scaling 
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exponents, ν3, of 3.3 ± 1.1 and 2.7 ± 1.2 at 4 and 6 M GuHCl, respectively. The errors in 
these values because of the scatter in the data provide a poor estimate of the scaling behavior 
of UBA(1). We have observed in our previous studies that much of the non-random behavior 
of His-heme loop formation results from kb. Plots of the logarithm of the rate constant 
for loop formation, kf (Table S5), versus loop size, N, for the UBA(1) domain show less 
scatter (Figure S3) and yield values for ν3 of 2.5 ± 0.4 at 4 M GuHCl and 1.7 ± 0.4 at 6 
M GuHCl for the UBA(1) data. These values are within the bounds expected for a random 
coil with excluded volume (1.8 – 2.4).70–72 A number of studies,98,99 including our work 
on His-heme loop formation,4,43,92 have shown that the presence of local and long-range 
residual structure is compatible with random coil scaling properties.

Data in Figure 6 and Figure S3 show that the magnitudes pKloop(His) and Log(kf) for 
the UBA(1) data at 4 M GuHCl, respectively, are similar to those for poly(Ala) segments 
measured in 6 M GuHCl. This observation indicates that the denatured state of UBA(1) 
is more expanded than that of poly(Ala). In Figure S3, Log(kf) for poly(Gln) segments 
at 6 M GuHCl also are plotted and have values that are similar to those for UBA(1) 
in 6 M GdnHCl. The Flory characteristic ratio, Cn, a measure of chain stiffness, is 
larger for poly(Gln) segments than for poly(Ala) segments,64 suggesting that the DSE of 
UBA(1) has relatively high chain stiffness. We have shown that mutations expected to 
decrease the helical propensity of the third helix of Cytc′ lead to more negative values of 
pKloop(His) and larger values of kf. Thus, residual helical structure in the denatured state 
can enhance chain stiffness producing an apparently more expanded DSE. The three-helix 
bundle engrailed homeodomain, has an expanded denatured state that results from residual 
helical structure.100,101 The same may be the case for the HHR23A UBA domains.

Rationale for differences in patterns of His-heme loop persistence.
Persistent loops were observed near both turns of UBA(1). However, for both the three-helix 
bundle UBA(2) and the four-helix bundle Cytc′, His-heme loops containing persistent 
residual structure are not observed for histidine probes near every interhelical turn, 
indicating that the DSE does not need to be biased near all interhelical turns to provide 
for efficient formation of the native state structure. Figure 7 shows plots, for both UBA 
domains, of normalized Kyte-Doolittle hydrophobicity102 and hybrid Miyazawa-Jernigan/
Hopp-Woods (MJHW) hydrophobicity, a scale recently introduced to identify hydrophobic 
clusters.46 Overall, the average hydrophobicity of UBA(1) is slightly higher than that of 
UBA(2). However, the degree of hydrophobic clustering, as measured by HpC (the area 
under the portions of the MJHW plots above 0, normalized for sequence length),46 is much 
higher for UBA(2) (0.088) than for UBA(1) (0.051) because of a prominent hydrophobic 
cluster in helix 2 of UBA(2). Figure S4 shows that the Kyte-Doolittle hydrophobicity is 
more or less constant for the single His variants of UBA(1) – iso-1-Cytc. However, HpC 
determined with the MJHW hydrophobicity scale, is more significantly affected by the 
single-histidine substitutions, particularly for helix 2. For UBA(2) – iso-1-Cytc, the effects 
of the histidine substitutions are minor for both hydrophobicity scales (Figure S5).

For UBA(1) – iso-1-Cytc, the HpC of 0.51 for the WT (His31) protein is near the lower end 
of the distribution expected for a randomized sequence.46 For UBA(2) – iso-1-Cytc, the HpC 
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for pWT is near the upper end of the expected distribution.46 There are also clear differences 
in the patterns of hydrophobicity between the two UBA domains. UBA(1) has peaks in 
hydrophobicity for all three helices, whereas UBA(2) only has peaks in hydrophobicity for 
helices 2 and 3. UBA(2) has much stronger hydrophobicity in helix 2 than UBA(1), the 
difference being more pronounced for the MJHW scale.

In all cases, the most stable His-heme loops sit between two hydrophobic peaks, suggesting 
that such positions are optimal for His-heme loop formation to sense hydrophobic regions 
on either side of a turn that could promote turn formation in the DSE. For UBA(1), His15 
is midway between the helix 1 and helix 2 hydrophobic peaks and His31 (and to a lesser 
extent His35) is midway between the helix 2 and helix 3 hydrophobic peaks. For UBA(2), 
His27 is midway between the helix 2 and helix 3 hydrophobic peaks. The lack of a strong 
hydrophobic peak for helix 1 of UBA(2) may explain why single His variants near turn 1 of 
UBA(2) do not form persistent His-heme loops.

While the most stable loops appear to have hydrophobic clusters on either side, the 
observation that the histidines that form the most stable loops are in polar regions of 
the primary sequence is somewhat unsatisfying. This property is not surprising given that 
turns can be identified from minima in hydropathy plots.103 So, we also considered a third 
measure of hydrophobicity, clustering of Ile, Leu and Val side chains. ILV clusters have 
recently been suggested to stabilize partially unfolded states of proteins.104 Similar clusters 
of ILV residues might be expected to stabilize residual structure in denatured states. Using 
the ProteinTools web server,105 we generated ILV clusters for UBA(1) and UBA(2). UBA(1) 
has one large ILV cluster of seven residues that encompasses the entire hydrophobic core, 
whereas UBA(2) has two ILV clusters one containing 6 residues and a smaller one with two 
residues (Figure S6). Figure 8 shows the ILV cluster of UBA(1) as it frames each turn of 
UBA(1). The packing of the ILV cluster around both turns is good, indicating that the ILV 
cluster could act to stabilize the loops formed by the E15H, His31 and E35H variants. For 
UBA(2) (Figure S7), the ILV clusters are not as tightly pack around turn 1 and are relatively 
distant from turn 2. Thus, the unusual stability of the His-heme loop formed by the E27H 
variant of UBA(2) cannot be explain by a nearby ILV cluster.

Further inspection of the structure of the UBA domains around the sites of the histidine 
variants which form highly stable loops show that they are often at sites involved in helix 
capping.106 The position of the E15H variant is the N-cap residue of helix 2 of UBA(1) 
(see Figure 8A). His 31 of UBA(1) is next to the N-cap residue (Pro30) of helix 3. For 
UBA(2), the Glu27 (E27H variant) provides part of the C-cap of helix 2 (Figure S7B). 
Hydrophobic interactions are usually considered a predominant cause of residual structure in 
denatured states of proteins. Analysis of the ILV clusters of the UBA domains indicate that 
hydrophobic interactions cannot explain all cases of residual structure detected by our His-
heme loop formation method. For three of the four His-heme loops (UBA(1), E15H, His31; 
UBA(2), E27H) which are stabilized by residual structure in the denatured state, helix 
capping interactions may explain the observed residual structure. The His-heme method may 
be particularly adept at detecting this type of residual structure because it is known that 
binding of histidine-containing peptides to hemes can induce helical structure.107–109
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Detection of DSE compactness with His-heme loop breakage rates.
There has been considerable interest in the factors that affect the compactness of the DSE of 
foldable proteins and of intrinsically disordered proteins.45–55 When the DSE is constrained 
by a His-heme loop, the tendency of the sequence to become more compact should be 
accentuated. If the DSE near the His that forms the loop is prone to compaction, loop 
breakage might be expected to slow leading to a smaller magnitude for kb. The presence 
of hydrophobic clusters, as measured by HpC,46 has been proposed to correlate well with 
compaction of the DSE of a protein. Figure 9 shows a plot of kb versus HpC for the single 
His variants of UBA(1). The set of UBA(1) – iso-1-Cytc variants cover a reasonable range 
of HpC values allowing for a good test of whether kb correlates with HpC. The E15H and 
His31 (and His31/Y27Q) variants, which place histidines near both turns of the UBA(1) 
domain, appear to be outliers. However, the remaining variants have kb values that correlate 
well with HpC at both 6 M GuHCl (R = 0.96) and 4 M GuHCl (R = 0.89). This result 
suggests that variants with pKloop(His) values adhering closely to the JS equation (Figure 6) 
have kb values that decrease in response to compaction induced by increased hydrophobic 
clustering. Because the histidine that forms the loop causes the change in HpC, kb is sensing 
the local tendency for hydrophobic clustering. The E35H variant has the largest change in 
HpC, suggesting that its low kb is not caused by its location near a turn, but is because of the 
high local HpC. For the E15H, His31 and His31/Y27Q variants, the large deviation from the 
kb versus HpC correlation provides further support for a role of helix capping in stabilizing 
residual structure in the denatured state.

Figure S8 shows the correlation of kb with HpC for the UBA(2) – iso-1-Cytc single His 
variants. The E27H variant, which forms a persistent His-heme loop and is involved in helix-
capping in the native state of UBA(2), is an outlier, demonstrating again the importance of 
helix capping for promoting residual structure in the denatured state. As for UBA(1), the 
variants with His-heme loops that adhere closely to the JS equation also have kb values 
that correlate with HpC. The range of HpC is smaller for this set of variants and the 
correlation coefficients are somewhat smaller. The HpC values of UBA(2) – iso-1-Cytc are 
larger compared to UBA(1) – iso-1-Cytc, yet the range of kb values is similar. Therefore, it 
appears that HpC is not the only factor that affects the magnitude of kb. SAXS and FRET 
do not generally observe strong effects on the dimension (Rg, Ree) of the DSE above 3 M 
GuHCl. The ability of His-heme loop formation to detect the conformational properties of a 
protein sequence at higher GuHCl concentrations likely results from the restriction that the 
His-heme bond imposes on the DSE ensemble.

Do electrostatics affect His-heme loop formation?
There has been considerable interest in the effects of electrostatics on the thermodynamics 
of the DSE,8,9,110–112 and more recently the impact of charge distribution, as measured by 
the parameter κ,56,113 on the compactness of disordered states of a protein. The His-heme 
loop formation measurements presented here were carried out in 4 M and 6 M GuHCl. 
High salt conditions have been shown to screen electrostatic interactions in the DSE.111 As 
expected, no significant correlation of kb with κ, for the sequence region containing the 
UBA(1) domain (N-terminus to the heme attachment site) is observed.
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However, when a His-heme loop is formed, the denatured state is constrained and it is 
possible that electrostatic interactions between the segment of the UBA domain near the 
histidine forming the loop and the heme, may not be fully screened by high concentrations 
of GuHCl. An effect of electrostatics on the rate of loop breakage might result. The intrinsic 
pKa of heme propionates is near 5.114 At pH 3.0 – 3.5, where loop breakage is measured, 
the net charge on the heme is +1. Therefore, as the local net charge per residue (NCPR) near 
the histidine forming the loop becomes more positive, kb is expected to increase because of 
the increasingly repulsive interactions. Figures S9 and S10 show plots of local NCPR versus 
sequence position and of kb versus local NCPR for UBA(1) – iso-1-Cytc and our previously 
reported data for UBA(2) – iso-1-Cytc.43 If the data for histidines adjacent to turn sequences 
are omitted from the correlation, the correlation between kb and local NCPR goes in the 
expected direction.

Thus, it appears that for His-heme loop formation, both HpC and local NCPR affect kb 
for His-heme loop breakage because of local chain compaction caused by hydrophobic 
clustering and local charge interactions with the heme, respectively. However for histidines 
near turn sequences, kb appears to be dominated by helix-capping effects.

CONCLUSIONS
Similar to the UBA(2) domain from the C-terminus of HHR23A, we observe global 
properties of the internal UBA(1) domain from HHR23A under denaturing conditions (4 
and 6 M GuHCl) consistent with a random coil with excluded volume (ν3 = 1.8 – 2.4). 
Extensive scatter about the best fit line to the JS relationship shows that histidine at 
positions 15, 31 and 35 near turns between the helices form persistent His-heme loops. 
This result is consistent with our observations for Cytc′ and UBA(2), that persistent 
denatured state His-heme loops occur for histidines at or near interhelical turns in their 
tertiary structures.4,43 Therefore, in agreement with the four-helix bundle Cytc′ and the 
three-helix bundle UBA(2), denatured state conformational biases in helical bundles localize 
to sequences at the interface between turns and helices, which may help govern the gross 
topology of the DSE of α-folds. Plots of kb versus HpC indicate that HpC clusters affect the 
stability of His-heme loops in the denatured state. However, ILV cluster analysis of UBA(1) 
and UBA(2) show that while residual structure for His-heme loops formed near turns 1 and 
2 of UBA(1) could be stabilized by ILV clusters, there is no significant ILV cluster near 
turn 2 of UBA(2) to account for the stable loop formed by the E27H variant of UBA(2). 
The sequence positions of the E27H variant of UBA(2) and the E15H and His31 variants of 
UBA(1) are all involved in helix capping leading to the novel conclusion that helix capping 
also contributes to residual structure in protein denatured states. This view is reinforced by 
the observation that these variants are all outliers in the correlation between kb and HpC.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
iso-1-Cytc iso-1-cytochrome c

CD circular dichroism

GuHCl guanidine hydrochloride

UBA(1) human HHR23A ubiquitin-associated domain 1

UBA(1) – iso-1-Cytc fusion protein with UBA(1) inserted near the N-terminus of 
iso-1-Cytc

pWT UBA(1)-iso-1-Cytc carrying a H31N mutation in the 
UBA(1) domain
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Figure 1. 
(A) Yeast iso-1 cytochrome c (red, PDB ID: 2YCC)75 UBA(1) (blue, PDB: 1IFY)74 fusion 
protein. UBA(1) is inserted between Phe(-3) and Lys(-2) (white spheres) of iso-1-Cytc. 
Single histidine substitution sites in UBA(1) are shown with orange spheres. Stick models 
are used to represent the heme and its points of attachment to iso-1-Cytc at Cys14, Cys17, 
His18 and Met80. His31 was mutated to Asn for the other single His variants. A Y27Q 
variant was prepared in the presence of His31. (B) Schematic representation showing how 
His-heme loop size varies in the denatured state for single histidine variants at positions 7, 
11, 15, 24, 27, 31 or 35 in the sequence of UBA(1) when the histidine displaces the water in 
the 6th coordination site of the heme of the fusion protein.
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Figure 2. 
GuHCl denaturation curves at pH and 25 °C for variants of UBA(1) – iso-1-Cytc, pWT 
(red circles), T7H (blue triangles), R24H (pink inverted triangles), and His31 (cyan squares). 
Plots show the dependence of corrected ellipticity at 222 nm, θ222corr on the concentration 
of GuHCl. The curves (black) show the fits to eq 2 (Experimental Procedures) except for the 
His31 (WT) protein, which is fit to a two-state transition. Parameters from the fits can be 
found in Table 1.
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Figure 3. 
Loop formation for UBA(1) – iso-1-Cytc shown schematically. At low pH (left) the His-
heme loop is broken. At high pH (right), the His-heme loop is formed.
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Figure 4. 
Denatured state (6 M GuHCl) pH titration data for selected UBA(1) – iso-1-Cytc variants. 
The dependence of A398corr on pH is shown for the pWT (red circles), T7H (blue triangles), 
R24H (pink inverted triangles), and His31 (cyan squares) variants. The curves (black) show 
the fits to eq 3 (Experimental Procedures).
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Figure 5. 
Values of kb at 25 °C and 6 M GuHCl plotted against loop size, N, for UBA(1) – iso-1-Cytc 
(blue squares). Data at 6 M GuHCl for UBA(2) – iso-1-Cytc (red triangles),43 and alanine 
inserts (KAAAAA)n66 (n = 1 – 5, black circles) between Phe(-3) and Lys(-2) of iso-1-Cytc 
are included for comparison.
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Figure 6. 
Loop stability, pKloop(His), as a function of loop size (logarithmic scale) under denaturing 
conditions (4 M Gu HCl) for the three-helix bundles UBA(1) (blue squares) and 
UBA(2)43 (red triangles) inserted at the N-terminus of iso-1-Cytc. pKloop(His) data at 4 
M (open circles) and 6 M (black circles) GuHCl for homopolymeric segments of alanine, 
(KAAAAA)n,66 inserted into iso-1-Cytc between Phe(-3) and Lys(-2) are displayed for 
comparison. The UBA(1) and UBA(2) variants with slow loop breakage rates (See Figure 5) 
are labeled. Fits to eq 7 are shown for the UBA(2) data (red line, R = 0.912), the poly(Ala) 
data at 4 M (dotted black line) and 6 M (black line) GuHCl. Scaling exponents ν3 obtained 
from the fits to eq 7 are 2.4 ± 0.5, 2.3 ± 0.1 and 1.97 ± 0.05, respectively. The dotted red 
line shows the effect of fitting the UBA(2) data without the E27H data point (ν3 = 2.5 ± 
0.4, R = 0.959). The blue dotted line is a fit to the combined UBA(1) and UBA(2) data with 
neither the E15H, His31, His31/Y27Q and E35H data points nor the E27H UBA(2) data 
point included (ν3 = 2.2 ± 0.3, R = 0.938).
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Figure 7. 
Plot of hydrophobicity versus sequence position for WT (His31) UBA(1) – iso-1-Cytc 
(black line) versus pWT (C26A) UBA(2) – iso-1-Cytc for the (A) normalized Kyte-
Doolittle and (B) hybrid Miyazawa-Jernigan/Hopp-Woods (MJHW) scales. Hydrophobicity 
was calculated using a nine-residue window. Reported average values of Kyte-Doolittle 
hydrophobicity, <KD>, and MJHW hydrophobicity, <MJHW>, and for HpC are for the 
regions between the N-terminus and Cys14 of the fusion proteins (i.e., the portion of the 
protein involve in loop formation). The sequence numbering corresponds to that used for 
the UBA(1) domain in Figure 1. Hydrophobic clusters used to calculate HpC correspond to 
regions of the MJHW plots with values above zero (dashed line). The secondary structure 
of the UBA domains in the fusion proteins is shown above the plots. Blue rectangles 
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correspond to helices and blue lines correspond to the turns. The portion of the sequence 
derived from Cytc is labeled and denoted with a red line.
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Figure 8. 
Portions of the ILV cluster of UBA(1) that pack around each turn of UBA(1). (A) Turn 1 of 
UBA(1). The hydrogen bonds from the carbonyl of the N-cap residue Glu15 to amide NH 
atoms of Val19 and Arg18 are shown as yellow dashed lines. (B) Turn 2 of UBA(1). The 
hydrogen bonds from the carbonyl of the N-cap residue Pro30 to the amide NH of Val34 and 
from His31 to the amide NH of Glu35 are shown as yellow dashed lines. The positions of 
the histidine variants are shown with orange spheres.
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Figure 9. 
Plot of kb for His-heme loop breakage versus the degree of hydrophobic clustering, HpC, 
of the portion of the UBA(1) – iso-1-Cytc N-terminal to the point of heme attachment. 
The solid red line shows the correlation of kb with HpC for loop breakage in 6 M GuHCl 
(R = 0.96). The solid blue line is the same correlation at 4 M GuHCl (R = 0.89). The 
correlations do not include the His variants adjacent to turn 1 (E15H) and turn 2 (His31 and 
His31/Y27Q).
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Table 1.

GuHCl Denaturation Parameters for UBA(1) – iso-1-Cytc variants at pH 7.0 and 25 °C.

varianta mNI, kcal mol−1 

M−1
𝛥GNI ∘ ′ (H2O), 

kcal mol−1

CmNI, M mID, kcal mol−1 

M−1
𝛥GID ∘ ′ (H2O), kcal 

mol−1

CmID, M

pWT 2.6 ± 0.4 2.3 ± 0.4 0.86 ± 0.02 0.9 ± 0.09 2.1 ± 0.2 2.3 ± 0.4

E35H (25) 6 ± 1 2.4 ± 0.6 0.40 ± 0.03 0.83 ± 0.05 1.8 ± 0.1 2.17 ± 0.05

His31 (29)b - - - 0.52 ± 0.06 0.63 ± 0.06 1.2 ± 0.1

His31/Y27Q (29) 4.4 ± 0.7 1.1 ± 0.5 0.23 ± 0.07 0.86 ± 0.01 2.19 ± 0.04 2.54 ± 0.03

Y27H (33) 5 ± 1 3.0 ± 0.5 0.55 ± 0.01 0.83 ± 0.07 1.8 ± 0.2 2.14 ± 0.04

R24H (36) 4.8 ± 0.5 1.7 ± 0.2 0.36 ± 0.01 0.7 ± 0.2 1.0 ± 0.3 1.40 ± 0.05

E15H (45) 4.1 ± 0.7 2.0 ± 0.9 0.5 ± 0.1 1.0 ± 0.2 0.6 ± 0.1 0.67 ± 0.03

S11H (49)c 4.8 ± 0.5 2.3 ± 0.2 0.48 ± 0.01 0.78 ± 0.04 1.00 ± 0.04 1.3 ± 0.1

T7H (53) 4.8 ± 0.7 2.3 ± 0.3 0.49 ± 0.04 0.4 ± 0.2 0.7 ± 0.4 1.8 ± 0.3

aThe number in brackets is the His-heme loop size formed in the denatured state.

bHis31 could only be fit to two-state model.

cTo fit the S11H data, θI was constrained using values observed for the R24H variant as a guide.
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Table 2.

Stability and Linkage Parameters for Loop Formation with UBA(1) – iso-1-Cytc Variants at 22 ± 1°C in 6 M 
and 4 M GuHCl

Variant Loop size pKa(obs) n pKloop(His)

6 M GuHCl

pWT - 7.31 ± 0.04 0.78 ± 0.06 -

E35H 25 4.94 ± 0.01 1.09 ± 0.06 −1.66 ± 0.01

His31 (WT) 29 5.15 ± 0.01 0.89 ± 0.06 −1.45 ± 0.01

His31/Y27Q 29 5.08 ± 0.02 1.07 ± 0.01 −1.52 ± 0.02

Y27H 33 6.02 ± 0.02 1.01 ± 0.06 −0.58 ± 0.02

R24H 36 5.75 ± 0.01 1.06 ± 0.03 −0.85 ± 0.01

E15H 45 5.19 ± 0.05 0.83 ± 0.05 −1.41 ± 0.05

S11H 49 5.98 ± 0.04 0.94 ± 0.04 −0.63 ± 0.04

T7H 53 6.03 ± 0.02 0.88 ± 0.07 −0.57 ± 0.02

4 M GuHCl

pWT - 6.69 ± 0.05 0.80 ± 0.04 -

E35H 25 4.65 ± 0.05 1.08 ± 0.08 −1.95 ± 0.05

His31 (WT) 29 4.59 ± 0.08 0.95 ± 0.13 −2.01 ± 0.08

His31/Y27Q 29 4.54 ± 0.05 0.90 ± 0.05 −2.06 ± 0.05

Y27H 33 5.52 ± 0.05 1.15 ± 0.06 −1.08 ± 0.05

R24H 36 5.49 ± 0.03 0.99 ± 0.04 −1.11 ± 0.03

E15H 45 4.99 ± 0.04 0.89 ± 0.01 −1.61 ± 0.04

S11H 49 5.67 ± 0.04 0.96 ± 0.05 −0.93 ± 0.04

T7H 53 5.72 ± 0.04 1.10 ± 0.05 −0.88 ± 0.04
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