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Abstract: The N-terminal domain of L9, (NTL9), is a 56 residue mixed  protein that lacks 

disulfides, does not bind cofactors and folds reversibly. NTL9 has been widely used as model 

system for studies of protein folding and for investigations of the unfolded state. The role of 

sidechain interactions in the folding of NTL9 is probed by mutational analysis. -values, the ratio 

of the change in the log of the folding rate upon mutation to the change in the log of the equilibrium 

constant for folding, are reported for 25 point mutations and 15 double mutants. All -values are 

small with an average over all sites probed of only 0.19, with a largest value of 0.4. The effect of 

modulating unfolded state interactions is studied by measuring -values in second site mutants and 

under solvent conditions that perturb unfolded state energetics. Neither of these alterations affects 

the distribution of -values. The results, combined with earlier studies that probe the role of 

hydrogen bond formation in folding and the burial of surface area [Sato, S., and Raleigh, D. P. 

(2007), J. Mol. Biol. 370, 349-355] reveal that the transition state for folding contains extensive 

backbone structure, buries a significant fraction of hydrophobic surface area, but lacks well 

developed sidechain-sidechain interactions. The folding transition state for NTL9 does not contain 

a specific “nucleus” consisting of a few key residues; rather it involves extensive backbone 

hydrogen bonding and partially formed structure delocalized over almost the entire domain. 
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Introduction 

The ribosomal protein L9 consists of two globular domains connected by a long -helix.1 

The N-terminal domain (NTL9) contains one of the simplest examples of a common super 

secondary structural motif known as the split  motif (Figure-1). It lacks disulfides, does not 

bind metals or co-factors, and folds in a reversible two-state fashion over a wide range of 

conditions. The domain has been widely used as a model system for experimental and 

computational studies of protein folding, and for studies of the properties of the unfolded state 

ensemble, but comparably little is known about the development of sidechain-sidechain 

interactions during its folding.2-29 The effect of mutating six hydrophobic core residues has been 

examined and the role of four surface sites has been probed, but the role of other positions in the 

folding of the domain is unknown.6, 7 The unfolded ensemble of NTL9 populated under conditions 

which favors folding contains electrostatic interactions, hydrophobic clusters involving both native 

and nonnative interactions, and significant residual helical structure, in at least the C-terminal -

helix.6, 8, 9, 27-29 Some of these interactions are energetically significant and the effects of 

modulating them on the transition state for folding is not understood.6, 9, 27, 29 

 The role of sidechains in protein folding is traditionally probed using mutational analysis, 

the so-called “phi-value” (-value) approach.30-32 values are the ratio of the change in the log of 

the folding rate to the change in the log of the equilibrium constant upon mutation and are generally 

thought to provide a picture of the development of sidechain interactions during folding, although 

some have questioned their information content.33, 34 A -value of one indicates that the effect of 

the mutation upon the free energy difference between the unfolded ensemble and the transition 

state for folding is equal to the effect upon equilibrium stability and is interpreted to mean that the 

interaction being probed is fully developed in the transition state. Conversely, a -value of zero 
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indicates that the mutation has an effect upon equilibrium stability, but not upon the folding rate, 

and is interpreted to indicate that the interaction under investigation is no more developed in the 

transition state for folding than it is in the unfolded ensemble. Fractional -values are interpreted 

to represent interactions that are partially formed in the folding transition state.32 The interpretation 

of -values is more complicated if the mutation impacts the energetics of the unfolded ensemble, 

or if nonnative interactions are being probed or if folding involves parallel microscopic 

processes.35, 36 For example, a small value can result when a native interaction is only weakly 

formed in the transition state for folding or when a nonnative interaction is present in the transition 

state, but is only weakly perturbed relative to the unfolded state.9 Nevertheless, -values can 

provide important information about the transition state for folding and offer experimental tests to 

benchmark simulations or to use as constraints in restrained molecular dynamics simulations 

which seek to provide a structural interpretation of the folding transition state.   

 The folding of NTL9 has previously been examined as a function of temperature, pH and 

added denaturant. What is missing is a detailed picture of the development of sidechain interactions 

in the folding transition state and an understanding of how altering unfolded state energetics 

impacts these interactions.  Here we report the results of an extensive mutational analysis of the 

folding of NTL9. In total 25 single mutants and 15 double mutants were examined. This data, in 

combination with prior studies, provides a detailed picture of the transition state for the folding of 

the domain. 

 

Results 

Choice of mutations. 



5 
 

The NTL9 fold is comprised of a three stranded antiparallel -sheet sandwiched between 

two-helices. Each helix packs against one face of the-sheet (Figure-1). The C-terminal helix 

in the domain is part of the long helical segment which links the N and C-terminal domains of the 

intact protein and has been shown to adopt partial helical structure in the unfolded state.8, 37 The 

folded domain contains two Gly residues which adopt positive values of the backbone dihedral 

angle a conformation which is energetically unfavorable for an L-amino acid.  NTL9 is a basic 

protein, consistent with its function as a ribosomal protein, containing 12 Lys or Arg residues and 

six Asp/Glu residues (Figure-1). All of the Lys and Arg residues are on the surface of the protein 

and the charged portion of their sidechains are exposed to solvent, and none are involved in salt 

bridges. There is one native state salt bridge involving the N-terminus and the sidechain of Asp-

23.3 Prior studies have identified nonnative electrostatic interactions in the unfolded state which 

involve K12.6, 27 Paramagnetic relaxation enhancement (PRE) NMR studies of a significantly 

destabilized double mutant, V3A I4A, have revealed the presence of long range contacts in the 

unfolded state under conditions where the wildtype domain is folded and studies of protein 

fragments have shown that the C-terminal helix of NTL9 partially folds in isolation and is 

populated in the unfolded ensemble.8, 37 

 Prior work examined the effect of mutating six sites in the hydrophobic core of NTL9; M1, 

V3, I4, L6, V21, and L30. -values were measured for a range of substitutions at each site, 

including variants prepared using non-genetically coded amino acids, and in all cases the observed 

-values were 0.4 or smaller. In the present study we focused on first 50 residues of the domain 

since the C-terminal portion of the C-terminal helix is known to be frayed in the native state in 

solution and analysis of C-terminal truncation mutants has shown that helical structure in this 

region is no more developed in the transition state for folding than it is in the unfolded state.38 We 
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targeted 21 additional sites scattered throughout the structure; in total 25 single mutants and 15 

double mutants were examined, including mutations deliberately designed to modulate unfolded 

state energetics. The sites probed include an additional 14 hydrophobic residues, the two glycines 

with positive -angles and 4 charged surface sites as well as the N-capping residue which helps to 

stabilize the C-terminal -helix. The present study, in combination with earlier work, probes all of 

the hydrophobic residues in NTL9 and all of the residues whose sidechains are more than 75% 

buried in the native state (Figure-1). Hydrophobic residues were replaced by smaller hydrophobic 

residues. Acid residues were replaced by the corresponding amides, Gln or Asn and by Ala.  Lysine 

residues were replaced by Met as this is the closest isosteric replacement for Lys which removes 

the polar -amino group. More drastic mutants were made if the Lys to Met replacements did not 

generate a large enough change in stability to allow reliable -value analysis. The C-terminal -

helix contains a classic N-capping motif where Thr-40 acts as the N-capping residue. Thr-40 was 

replaced by a Ser, which possesses the ability to act as an N-cap hydrogen bond acceptor and by 

Ala. There are no conservative substitutions for glycine residues with positive values of the 

backbone dihedral angle  amongst the 20 genetically coded amino acids. In the present case we 

used an Ala replacement as Ala contains the smallest sidechain. A set of 15 double mutants were 

prepared which involved mutation of hydrophobic core residues in a K12M background. The 

K12M mutant reduces unfolded state interactions, thus the double mutants allow us to evaluate the 

effects of altering unfolded state energetics upon -values. This has proven very difficult to do in 

other studies since the role of specific residues in unfolded state interactions is difficult to define 

under conditions which favor the native state. 

All of the mutants exhibit two state folding.  
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The stability of the various mutants was determined by CD monitored urea or guanidine 

HCl denaturation. Folding and unfolding rates were determined by measuring first order relaxation 

rates as a function of final denaturant concentration and fitting to the standard expressions for two-

state folding. Plots of the natural log of the first order rate constant vs. denaturant concentration, 

so-called “chevron plots”, displayed the characteristic V-shape expected for two-state folding and 

no evidence of deviation from linearity in the plot (rollover) was observed at low denaturant 

concentration (supporting figure-1). The stabilities calculated from the kinetic measurements are 

in good agreement with stabilities measured in equilibrium denaturation experiments. The data is 

summarized in table-1. 

Specific side chain interactions are not well developed in the transition state for folding. 

-values determined for mutations which exhibit a small change in stability can be 

unreliable since the uncertainty in Go usually becomes larger in percentage terms for small 

differences in folding free energy.39, 40 In the present case, we restricted ourselves to mutations that 

lead to a value of Go = 0.5 kcal mol-1, or larger. Table-1 includes the measured folding and 

unfolding rates and calculated -values. A few of the mutants were too stable to accurately measure 

the unfolding branch of the chevron plot and for those ku could not be reliably determined. Data 

reported in earlier studies is included for completeness.  

The -values for the hydrophobic core mutants are small, the largest value among the 

hydrophobic site mutants is 0.4, while the average value for this subset of mutations is 0.19. The 

-values were also small for the charged sidechains and polar residue (Thr-40) with a largest value 

of 0.27 and an average of 0.17. It is more difficult to probe the role of a glycine in folding since 

introduction of a sidechain may lead to new interactions in the folded state or introduce native state 

backbone stain, and since a Gly to X replacement will alter the energetics of the unfolded state by 
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reducing its configurational entropy. The least perturbing substitution is an Ala. We prepared Gly 

to Ala mutants for G24 and G34. Both of these sites adopt conformations in the folded state with 

a positive backbone dihedral angle . The substitution at position 24 had no effect on the folding 

rate, while replacement of G34 with Ala lead to an approximately twofold slower folding rate and 

a modest effect upon stability. The data indicates that Gly residues are not required at these sites, 

and, within the limitations outlined above, suggest that development of interactions at these sites 

is not required in the transition state for folding.   

 Several of the Lys mutants, K12M, K14M, and K15M, in the Lys rich loop lead to variants 

which fold faster. The origin of this effect is not clear for all of the sites, but the effect has been 

investigated in detail for postion-12 and it has been shown that alteration of unfolded state 

energetics plays a significant role.6, 9, 27, 28 The enhancement in folding rates for the K14M and 

K15M mutants are more modest than for the K12M mutant. A histogram of the measured-values, 

including previously reported values, is displayed in figure-2.  

 values are a dimension-less ratio and most attention is focused on the interpretation of 

the subset, if any, with large values. However, this can sometimes be misleading because 

calculation of the value involves dividing by the change in equilibrium unfolding free energy, 

Go, thus a large -value could result from a small energetic perturbation and even though  is 

large, the net contribution that the site makes to stabilizing the transition state could be small. 

Consequently we also examined the effect on the natural log of kf by plotting RT ln(kfwildtype / kf 

mutant) (Figure-3). The histogram largely parallels the plot of -values vs. sequence. 

The effect of modulating unfolded state energetics on NTL9 -values. 

The -value is formally defined as 
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 𝜙 =
∆∆𝐺°‡

∆∆𝐺°
   (1) 

Where ∆∆𝐺°‡ is the difference in stability of the transition state upon mutation and ∆∆𝐺°is the 

difference in equilibrium stability. Equation-1 can be written as,  

 𝜙 =
(𝐺°𝑤𝑡

‡ − 𝐺°𝑤𝑡
𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑

) − (𝐺°𝑚𝑢𝑡𝑎𝑛𝑡
‡ − 𝐺°𝑚𝑢𝑡𝑎𝑛𝑡

𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑
)

(𝐺°𝑤𝑡
𝑓𝑜𝑙𝑑𝑒𝑑

− 𝐺°𝑤𝑡
𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑

) − (𝐺°𝑚𝑢𝑡𝑎𝑛𝑡
𝑓𝑜𝑙𝑑𝑒𝑑

− 𝐺°𝑚𝑢𝑡𝑎𝑛𝑡
𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑

)
    (2) 

G° folded is the free energy of the folded state, G° unfolded is the free energy of the unfolded state, and 

G°‡ is the free energy of the transition state. The -value has a simple quasi-structural interpretation 

if the mutation does not alter the energetics of the unfolded state. In this case equation-2 reduces 

to equation-3.  

 𝜙 =
(𝐺°𝑤𝑡

‡ − 𝐺°𝑚𝑢𝑡𝑎𝑛𝑡
‡ )

(𝐺°𝑤𝑡
𝑓𝑜𝑙𝑑𝑒𝑑

− 𝐺°𝑚𝑢𝑡𝑎𝑛𝑡
𝑓𝑜𝑙𝑑𝑒𝑑

)
    (3) 

The parameter is just the ratio of the change in transition state free energy relative to the change 

in the free energy of the native state and the -value represents the extent to which the interaction 

being probe is formed in the transition state relative to its full development in the native state. The 

interpretation is less straightforward if the mutation alters the energetics of the unfolded state.35 

The unfolded state interactions which are most relevant for folding are those that are 

formed in the unfolded state that is populated under folding conditions, i.e. in buffer where the 

native state is stable. Normally the free energy balance of folding and high cooperativity of the 

folding process make it extremely difficult to define unfolded state interactions under these 

conditions. However, prior work has shown that there are energetically significant interactions in 

the unfolded state of NTL9 under native conditions and has demonstrated that they can be 

modulated by mutation and by the addition of salt.27-29 Consequently, we re-examined a subset of 

9 key hydrophobic core residues in high salt. The stability and folding kinetics were determined 
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in 750 mM NaCl and the -values calculated (Table-2). The -values are slightly smaller, but the 

overall pattern is persevered. The fact that the -values are all still small argues that the small -

values observed under “normal conditions” are not an artifact caused by the presence of significant 

unfolded state interactions and can modulate hydrophobic interactions by the Hofmeister effect. 

High NaCl is not a selective perturbant since it also modulates native state electrostatic 

interactions. Thus, we used a second, independent, method to alter unfolded state interactions. We 

have previously demonstrated that K12 participates in unfolded state interactions and these can be 

significantly weakened by a K12M mutation.27, 28 We exploited this effect to reexamine the NTL9 

-values in a mutant background in which wildtype unfolded state interactions are modulated. We 

measured the stability and refolding for 15 hydrophobic core mutants in the K12M background. 

The -values measured in the K12M background are all small and are well correlated with the 

values measured in the wildtype NTL9 background (Table-3, Figure-4), providing further evidence 

that the modest -values observed in the wildtype background are not due to just to modulation of 

unfolded state interactions. 

 

Discussion 

The data presented here, combined with earlier, more limited studies, shows that the -

values for NTL9 are all small. There is no evidence for the formation of a nucleus involving a few 

key residues, rather sidechain-sidechain interactions are weakly developed in the transition state 

for folding. Combining the present mutational analysis with more global probes of folding 

provides a unified view of the folding of this domain. 

The transition state for the folding of NTL9 lies closer to the native state than to the 

unfolded state as judged by classic order parameters such as the Tanford -parameter, T, which 
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is a rate-equilibrium free energy relationship that utilizes the denaturant dependence of the log of 

the folding rate and the log of the equilibrium constant to place the transition state. The closer the 

value is to one the closer the transition state is to the native state. The parameter is between 0.65 

and 0.7 for NTL9, a value which is similar to that measured for a number of other single domain 

proteins.2 The mutations studied here do not significantly change the value of βT (supporting 

figure-2). Temperature dependent studies of folding rates and folding equilibria can be combined 

to report on the burial of hydrophobic surface area in the transition state for folding via a 

comparison of the apparent heat capacity change between the unfolded ensemble and the transition 

state relative to the change in equilibrium heat capacity. Such studies indicate that approximately 

2/3 of the hydrophobic surface area buried during folding is achieved in the transition state for 

folding of NTL9.2 Conversely, pH dependent studies have shown that native electrostatic 

interactions involving surface residues are weakly developed in the transition state for folding of 

NTL9, a view which is confirmed by analysis of the effect of mutating the acidic residues on the 

folding rate.4, 6 Isotope effect experiments that utilized proteins with deuterated and protonated 

backbone amides have shown that that significant hydrogen bonded structure is formed in the 

NTL9 folding transition state.5 Peptide fragment studies and studies of a destabilized mutant have 

revealed that there is considerable 2o structure in the unfolded state of the domain, particularly in 

the C-terminal helix.8, 37 However, studies with helix truncation mutants reveal that destabilizing 

the C-terminal helix does not impact the folding rate, indicating that the helix is significantly 

formed in the unfolded state and the transition state for folding, but consolidation of helical 

structure does not take place until after crossing the dominant free energy barrier for folding.38 The 

small -value associated with mutation of the N-capping residue, Thr-40, is consistent with this 

hypothesis.  
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The global picture which emerges from these studies is that the protein folds from an 

unfolded ensemble which contains considerable structure via a transition state that is relatively 

“native like” in the sense that there is significant burial of surface area and extensive hydrogen 

bonded structure, but which has weakly developed surface interactions. The mutational analysis 

presented here shows that specific sidechain interactions are not developed. Thus the transition 

state for the folding of NTL9 bears significant similarity to the classic molten globule state that 

has been studied at equilibrium. The molten globule state is traditionally defined as being compact, 

having a large proportion of its hydrophobic surface area buried, containing native like secondary 

structure and a largely native-like topology, but lacking specific sidechain-sidechain tertiary 

interactions. NTL9 is a fairly small domain and small proteins usually do not populate partially 

folded states at equilibrium such as the molten globule state. In the case of NTL9 a molten globule 

like state appears be a saddle point on the free energy landscape, i.e. the transition state for folding 

rather than a minima. The small size of NTL9 likely makes it difficult to bury enough surface area 

to compensate for the desolvation of the protein backbone and lower the free energy of the state 

enough that it can be populated at equilibrium.41 The transition state for NTL9 resembles the dry 

molten globule transition state ensemble.41, 42 The picture which emerges of NTL9’s transition 

state may be fairly general for small single domain proteins and is consistent with the observation 

that the average -value over a large number of proteins is low and with the well-known 

dependence of folding rate on contact order, and with studies that have shown significant hydrogen 

bonded structure in the transition state.34, 43-45 

 

Materials and Methods 
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The N-terminal domain of L9 was expressed and purified as previously described.46 CD-

monitored denaturation experiments were performed on an AVIV 62A DS spectrophotometer and 

an Applied Photophysics Chirascan spectrophotometer both equipped with a temperature control 

unit as previously described.7 The concentration of denaturant was determined by measuring the 

refractive index. Denaturation curves were fit to equation-4,  

 

𝜃222

=
𝑎𝑛 + 𝑏𝑛[𝑑𝑒𝑛𝑎𝑡𝑢𝑟𝑎𝑛𝑡] + (𝑎𝑑 + 𝑏𝑑[𝑑𝑒𝑛𝑎𝑡𝑢𝑟𝑎𝑛𝑡])𝑒𝑥𝑝 (−

∆𝐺°([𝑑𝑒𝑛𝑎𝑡𝑢𝑟𝑎𝑛𝑡])
𝑅𝑇

)

1 + 𝑒𝑥𝑝 (−
∆𝐺°([𝑑𝑒𝑛𝑎𝑡𝑢𝑟𝑎𝑛𝑡])

𝑅𝑇
)

   
(4) 

where 𝜃222 is the ellipticity in millidegrees, T is the temperature in Kelvin, and R is the gas constant 

in kcal mol-1 K-1.  an is the intercept and bn is the slope of the curve in the pre-transition region. ad 

is the intercept and bd is the slope of the curve in the post-transition region. ΔG°([denaturant]) is 

the change in free energy upon unfolding in kcal mol-1 at a particular concentration of denaturant, 

and is given by equation-5. 

 ∆𝐺°([𝑑𝑒𝑛𝑎𝑡𝑢𝑟𝑎𝑛𝑡]) = ∆𝐺°(𝐻2𝑂) − 𝑚[𝑑𝑒𝑛𝑎𝑡𝑢𝑟𝑎𝑛𝑡]    (5) 

ΔG°(H2O) is the change in free energy upon unfolding in the absence of denaturant and m is a 

parameter that is related to the change in solvent accessible surface area upon unfolding with units 

of kcal mol-1 M-1. 

 Fluorescence detected stopped-flow experiments were performed on an Applied 

Biophysics SX18MV stopped-flow instrument. The fluorescence signal of the single tyrosine at 

residue 25 was followed. Folding and unfolding reactions were initiated by diluting the protein 

sample 11-fold. The trace for each folding or unfolding experiment was fit to a single-exponential 

function to determine the observed rate constant, kobs, at different concentrations of denaturant. 

The natural log of kobs vs. denaturant concentration was plotted and fit to equation-6,  
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ln(𝑘𝑜𝑏𝑠) = ln (𝑘𝑓

𝐻2𝑂
𝑒𝑥𝑝(−𝑚𝑓[𝑑𝑒𝑛𝑎𝑡𝑢𝑟𝑎𝑛𝑡])

+ 𝑘𝑢
𝐻2𝑂

𝑒𝑥𝑝(𝑚𝑢[𝑑𝑒𝑛𝑎𝑡𝑢𝑟𝑎𝑛𝑡]))  
(6) 

where 𝑘𝑓
𝐻2𝑂 and 𝑘𝑢

𝐻2𝑂 are the folding and unfolding rates in the absence of denaturant, and mf and 

mu describe how the log of the folding and unfolding rates depends on the concentration of 

denaturant.  
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Figure 1. (A) Two views of a ribbon diagram of NTL9 (PDB code: 2HBB). The structures are 

rotated 90° with respect to each other. The N-terminus is labeled. Residues with sidechains that 

are more than 80% buried are shown in green space-filling representation. These are V3, I4, F5, 

V9, V21, A26, L30, L35, A36, A39, and L47. (B) The primary sequence of NTL9 is shown with 

a diagram of the secondary structure. β-strands are indicated by black arrows and α-helices by 

green rectangles. The residues colored red represent the sites studied here. Folding kinetics have 

been previously reported for the residues colored in blue. (C) Sidechain burial for NTL9. The 

fraction of the sidechain buried was calculated using the program SurfRacer.47 An extended β-
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strand was used to construct the maximally extended model of the unfolded state. The crystal 

structure of NTL9 was used for the folded state (PDB code: 2HBB). Residues 52-56 are disordered 

in the crystal structure and were not included in the calculation. These residues are indicated by an 

X in the plot. 
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Figure 2. (A) ϕ-values for residues in NTL9 are modest and indicate that specific interactions 

between sidechains are not strongly formed in the transition state. ϕ-values were determined using 

mutants that differed in stability from wild-type NTL9 by 0.5 kcal mol-1 or greater. (B) Histogram 

of ΔΔG‡ [RT ln(kfWT/kfmutant)] vs. residue number. The trend in the plot is similar to that in the ϕ-

value vs. residue plot. The plots include data collected in this study and data for M1, V3, I4, L6, 

D8, K12, E17, V21 and L30 which were previously reported.6, 7 
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Figure 3. There is a correlation between ϕ-values measured in the wildtype background and the 

K12M background indicating that the trend of the values across the sequence is not significantly 

influenced by interactions in the unfolded state that involve K12. The r2 value is 0.751 and p = 

0.000126. 
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Table 1: Thermodynamic and Kinetic Parameters and ϕ-Values for NTL9 Mutants a 
 
 

ΔG° (eq) 
(kcal mol-1) mu (kcal mol-1 M-1)  mf (kcal mol-1 M-1) ku (s-1) kf (s-1) ϕ-value 

WT 4.30 ± 0.36 0.20 ± 0.09 -0.45 ± 0.06 0.90 ± 0.40 865.0 ± 120 ̶ 
M1A b 2.84 ± 0.18 0.20 ± 0.09 -0.51 ± 0.06 4.18 ± 1.94 381.0 ± 110 0.33 
V3A b 1.75 ± 0.28 0.29 ± 0.11 -0.59 ± 0.06 11.0 ± 4.40 156.0 ± 16.0 0.40 
I4V b 3.71 ± 0.08 0.20 ± 0.09 -0.46 ± 0.06 1.22 ± 0.49 617.0 ± 62.0 0.34 
F5L 3.15 ± 0.15 0.22 ± 0.09 -0.49 ± 0.06 3.76 ± 1.20 771.0 ± 95.0 0.06 

L6A b 1.20 ± 0.33 0.26 ± 0.10 -0.62 ± 0.07 25.7 ± 17.0 310.0 ± 40.0 0.20 
K7M 4.51 ± 0.15 0.23 ± 0.01 -0.43 ± 0.01 0.89 ± 0.19 1132.9 ± 35.4 ̶ 
D8N 3.92 ± 0.03 0.23 ± 0.01 -0.45 ± 0.01 1.34 ± 0.18 626.5 ± 17.2 ̶ 

D8A c, d 3.00 ± 0.07 0.25 ± 0.01 -0.46 ± 0.01 3.98 ± 0.37 625 ± 23 0.16 
V9A 2.49 ± 0.20 0.27 ± 0.11 -0.46 ± 0.06 9.20 ± 3.92 567.0 ± 66.0 0.14 

K10M 4.77 ± 0.09 0.22 ± 0.03 -0.43 ± 0.01 0.67 ± 0.29 825.7 ± 41.9 ̶ 
K10E 4.43 ± 0.10 0.18 ± 0.14 -0.46 ± 0.06 1.07 ± 0.92 1059.0 ± 129 ̶ 

K12M e 6.10 ± 0.30 f -0.44 ± 0.01 f 1900 ± 78.3 0.26 
K12A 4.91 ± 0.15 f -0.44 ± 0.06 f 1146.0 ± 130 0.27 
K12G 4.33 ± 0.05 0.17 ± 0.10 -0.43 ± 0.06 1.02 ± 0.44 1170 ± 122 ̶ 
K14M 3.96 ± 0.05 0.23 ± 0.01 -0.43 ± 0.01 1.13 ± 0.16 917.0 ± 28.1 ̶ 
K14A 3.57 ± 0.20 0.22 ± 0.10 -0.44 ± 0.06 2.13 ± 1.05 743.0 ± 95.0 0.12 
K14G 3.00 ± 0.14 0.25 ± 0.11 -0.45 ± 0.06 4.93 ± 2.65 747.0 ± 102 0.07 
K15M 3.86 ± 0.09 0.21 ± 0.02 -0.44 ± 0.01 2.21 ± 0.58 1120.7 ± 45.5 ̶ 
K15G 2.56 ± 0.18 0.22 ± 0.09 -0.48 ± 0.06 11.3 ± 4.95 724.0 ± 108 0.06 
E17Q 3.97 ± 0.05 0.22 ± 0.01 -0.47 ± 0.01 0.82 ± 0.19 569.1 ± 33.7 ̶ 

E17A c, d 2.61 ± 0.05 -0.23 ± 0.01 -0.51 ± 0.01 6.36 ± 0.35 526 ± 17 0.18 
I18V 4.23 ± 0.05 0.21 ± 0.09 -0.45 ± 0.06 0.90 ± 0.38 873.0 ± 100 ̶ 
I18A 2.25 ± 0.15 0.19 ± 0.09 -0.52 ± 0.06 12.8 ± 5.20 520.0 ± 88.0 0.15 

V21A b 1.97 ± 0.25 0.30 ± 0.14 -0.53 ± 0.06 6.83 ± 2.93 312.0 ± 42.0 0.26 
A22G 3.98 ± 0.09 0.22 ± 0.09 -0.47 ± 0.06 1.33 ± 0.55 750.0 ± 92.0 ̶ 
D23N 3.51 ± 0.02 n.d. n.d. n.d. n.d. n.d. 

D23A c, d 4.27 ± 0.14 0.30 ± 0.01 -0.41 ± 0.01 0.36 ± 0.07 486 ± 11 ̶ 
G24A g 4.32 ± 0.05 0.57 ± 0.01 -0.87 ± 0.02 0.55 ± 0.05 861 ± 47 ̶ 
A26G 2.51 ± 0.19 0.23 ± 0.09 -0.54 ± 0.06 12.8 ± 5.04 816.0 ± 105 0.02 
L30A b 1.54 ± 0.30 0.29 ± 0.13 -0.53 ± 0.06 26.3 ± 15.0 474.0 ± 52.0 0.13 
F31A 1.46 ± 0.31 0.23 ± 0.09 -0.44 ± 0.06 18.0 ± 8.50 405.0 ± 44.0 0.16 

G34A h 3.28 +0.24/-0.17 0.51 ± 0.01 -0.95 ± 0.1 1.94 ± 0.25 489 ± 107 0.40 
L35A 3.09 ± 0.15 0.22 ± 0.09 -0.53 ± 0.06 4.04 ± 1.82 567.0 ± 62.0 0.21 
A36G 2.75 ± 0.18 0.20 ± 0.09 -0.60 ± 0.07 6.66 ± 2.92 562.0 ± 63.0 0.16 
I37V 4.39 ± 0.05 0.20 ± 0.09 -0.46 ± 0.06 0.86 ± 0.39 880.0 ± 108 ̶ 
I37A 3.02 ± 0.30 0.17 ± 0.08 -0.51 ± 0.06 3.45 ± 1.19 603.0 ± 77.0 0.17 
E38Q 3.62 ± 0.02 n.d. n.d. n.d. n.d. n.d. 

E38A c, d 3.89 ± 0.10 0.21 ± 0.01 -0.43 ± 0.01 1.05 ± 0.14 750 ± 17 ̶ 
A39G 2.71 ± 0.19 0.22 ± 0.10 -0.55 ± 0.06 6.12 ± 3.19 591.0 ± 72.0 0.14 
T40S c 3.50 +0.63/-0.31 0.20 ± 0.09 -0.46 ± 0.12 1.85 ± 1.09 680.0 ± 80.0 0.25 
A42G 3.97 ± 0.08 0.19 ± 0.08 -0.46 ± 0.06 1.43 ± 0.76 729.0 ± 105 ̶ 
L44A 2.57 ± 0.20 0.13 ± 0.04 -0.51 ± 0.06 8.83 ± 4.29 623.0 ± 73.0 0.11 
A46G 3.75 ± 0.07 0.19 ± 0.09 -0.47 ± 0.06 2.65 ± 1.02 751.0 ± 82.0 0.15 
L47A 3.46 ± 0.09 0.20 ± 0.09 -0.45 ± 0.06 2.02 ± 0.96 652.0 ± 77.0 0.20 
E48Q 4.37 ± 0.38 n.d. n.d. n.d. n.d. ̶ 
A49G 4.08 ± 0.25 0.20 ± 0.09 -0.46 ± 0.06 1.20 ± 0.79 824.0 ± 110 ̶ 
E54Q 4.56 ± 0.18 n.d. n.d. n.d. n.d. ̶ 

a All experiments were performed in 20 mM sodium acetate and 100 mM NaCl at pH 5.5 and 25 °C. 
b Data were taken from ref. 7. 



26 
 

c ΔG° values were obtained from kinetic experiments using urea. For the wildtype protein, ΔG° = 4.07 ± 0.10 kcal mol-1.  
d Data were taken from ref. 6.                   
e Data were taken from ref. 46. 
f The protein is so stable that the unfolding kinetic parameters are not defined well. 
g The experiment was performed using guanidine hydrochloride. For the wildtype protein the measured ΔG° using GndCl 
as a denaturant was 4.17 ± 0.07 kcal mol-1.  
h The ΔG° value was obtained from kinetic experiments using guanidine hydrochloride. For the wildtype protein, ΔG° = 
4.05 ± 0.09 kcal mol-1. 
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Table 2. Experiments performed in low and high concentrations of salt yield a similar trend of ϕ-

values. Uncertainties in ΔG° values range from ±0.15 to ±0.30 and the uncertainties in ϕ-values 

range from ±0.03 to ±0.07. Experiments were performed in 20 mM sodium acetate with either 100 

mM NaCl or 750 mM NaCl at pH 5.5 and 25 °C. 

 
100 mM NaCl 750 mM NaCl 

ΔG° 
(kcal mol-1) ϕ-value ΔG° 

(kcal mol-1) ϕ-value 

WT 4.30  5.02  

M1A 2.84 0.33 3.32 0.23 

V3A 1.75 0.40 2.32 0.35 

I4A 2.08 0.38 2.40 0.33 

V9A 2.49 0.14 2.87 0.06 

I18A 2.25 0.15 3.18 0.05 

V21A 1.97 0.26 2.71 0.22 

L30A 1.54 0.13 2.13 0.01 

L35A 3.09 0.21 3.58 0.12 

A36G 2.75 0.16 3.24 0.04 
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Table 3. Thermodynamic and Kinetic Parameters and ϕ-Values for NTL9-K12M Mutants a 

 ΔG° (eq) 
(kcal mol-1) 

mu (kcal mol-1 
M-1) 

mf (kcal mol-1 
M-1) ku (s-1) kf (s-1) ϕ-value 

K12M 6.10 ± 0.30 b -0.44 ± 0.01 b 1900.0 ± 78.3  

M1A/K12M 3.75 ± 0.07 0.13 ± 0.01 -0.46 ± 0.01 2.05 ± 0.16 827.7 ± 9.0 0.21 

V3A/K12M 2.36 ± 0.03 0.18 ± 0.01 -0.56 ± 0.01 5.69 ± 0.35 261.0 ± 10.7 0.31 

I4A/K12M 2.70 ± 0.05 0.12 ± 0.01 -0.53 ± 0.02 4.68 ± 1.16 670.7 ± 58.3 0.19 

F5L/K12M 4.95 ± 0.05 b -0.39 ± 0.01 b 2440.6 ± 1.03 -0.13 

L6A/K12M 2.48 ± 0.06 0.15 ± 0.01 -0.45 ± 0.01 12.5 ± 1.03 892.9 ± 17.7 0.12 

I18A/K12M 2.99 ± 0.08 0.07 ± 0.01 -0.48 ± 0.01 10.5 ± 0.98 1115.5 ± 24.9 0.10 

V21A/K12M 2.81 ± 0.04 0.17 ± 0.01 -0.55 ± 0.01 5.33 ± 0.27 559.6 ± 13.1 0.25 

A22G/K12M 4.78 ± 0.10 b -0.42 ± 0.01 b 1422.2 ± 1.02 0.10 

L35A/K12M 3.87 ± 0.15 0.15 ± 0.01 -0.48 ± 0.01 2.07 ± 0.60 1255.7 ± 57.6 0.11 

A36G/K12M 3.58 ± 0.10 0.14 ± 0.01 -0.50 ± 0.01 4.12 ± 0.39 1265.9 ± 29.9 0.10 

I37A/K12M 4.31 ± 0.30 b -0.42 ± 0.02 b 1422.2 ± 28.8 0.10 

A39G/K12M 3.46 ± 0.17 0.15 ± 0.01 -0.47 ± 0.01 4.12 ± 0.47 1350.9 ± 30.8 0.08 

T40S/K12M 4.30 ± 0.04 b -0.43 ± 0.01 b 1685.8 ± 86.4 0.04 

A42G/K12M 4.54 ± 0.05 b -0.42 ± 0.01 b 1669.0 ± 103 0.09 

L47A/K12M 3.75 ± 0.05 b -0.42 ± 0.01 b 1422.2 ± 28.7 0.08 

a All experiments were performed in 20 mM sodium acetate and 100 mM NaCl at pH 5.5 and 25 °C. 
b The protein is so stable that the unfolding kinetic parameters are not defined well. 
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Figure S1. Plots of ln k vs. urea concentration for NTL9 and its mutants. (A) Mutants in the first 

β strand.  (B) Mutants in the first loop and the second β strand. (C) Mutants in the second loop and 

the first (short) helix. (D) Mutants in the third β strand. (E) Mutants in the second helix. The data 

for the wild-type protein are included in all graphs.  
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Figure S2. The Tanford β-parameter for wildtype NTL9 and its mutants is similar. The bold line 

represents the average values for all NTL9 variants which is 0.69, the same as the wildtype value. 

The dashed line represents 1.5 x standard deviations, respectively. The points corresponding to the 

wildtype protein and two mutants that are outliers are labeled.  
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