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ABSTRACT: Fluorescence-detected stopped flow measurements are the method of choice for studies of
protein folding kinetics. However, the methodology suffers from the limitation that the protein of interest
either must contain an intrinsic fluorophore or can tolerate its introduction by mutagenesis. Recently, the
cyano (nitrile) analogue of phenylalanine has been proposed for use as a fluorescence analogue. Here we
take advantage of this new methodology to monitor the formation of the hydrophobic core during the
folding of the N-terminal domain of L9 (NTL9). Phenylalanine 5, which is completely buried in the
folded state of NTL9, was replaced wighcyanophenylalaningpfcyano-Phe). This derivative reports on

the formation of the hydrophobic core. The variant adopts the same fold as wild-type NTL9 and is slightly
more stable. Refolding and unfolding were monitored using both guanidine HCI and urea jump experiments.
In both cases, plots of the natural log of the observed relaxation rate versus denaturant concentration,
so-called chevron plots, exhibited the characteristic V shape expected for two-state folding, and no hint
of deviation from linearity was observed at low denaturant concentrations. The stability calculated from
the measured folding and unfolding rates is in very good agreement with the value obtained from equilibrium
measurements as is thevalue. The relative compactness of the transition state for folding as defined by
the Tanfordp parameter is identical to that of the wild type. The results illustrate the applicability of
p-cyano-Phe analogues in protein folding studies and provide further evidence of two-state folding of
NTLO.

Protein folding is an extremely active area of research, relative to its value in organic solvents. Thysgyano-Phe
motivated both by the desire to decipher the code which links fluorescence is an attractive probe of hydrophobic core
primary sequence and function and by the importance of formation. The side chain gfcyano-Phe has two absorption
protein misfolding in biotechnology and human health-( maxima in the UV at approximately 233 and 280 nm. This
7). Probably the most widely applied experimental method allowsp-cyano-Phe to be selectively excited at 240 nm even
for the direct study of folding and unfolding kinetics is in the presence of Trp and Ty9)( The fluorescence emission
fluorescence-detected stopped flow measurengnSuch of p-cyano-Phe overlaps with the Trp absorption band, and
studies rely on the presence of a tryptophan or tyrosine p-cyano-Phe and Trp have been shown to form a useful
residue which experiences a significant change in fluores- FRET pair.p-Cyano-Phe also has an attractive feature in
cence upon unfolding. The method, although very powerful, that the cyano group, while a H-bond acceptor, can be readily
does suffer from the requirement for an intrinsic fluorophore tolerated in the hydrophobic core since it has a polarity
or depends upon the ability of the protein to tolerate the between that of a methylene group and that of an an@de (
introduction of tryptophan or tyrosine at a suitable position. 10, 11). It is also considerably smaller than Trp and is less
Recently, the cyano (nitrile) analogue of phenylalanipe ( polar than Tyr, making it a more conservative replacement
cyano-Phé) has been proposed for use as a fluorescencefor Phe.
probe of folding and of bindingg). The fluorescent quantum In this work, we useg-cyano-Phe fluorescence as a probe
yield of the p-cyano-Phe side chain is very sensitive to of hydrophobic core formation during the folding of ar-3
interaction with solvent and is increased significantly g©H protein, the N-terminal domain of ribosomal protein L9
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in 20 mM sodium acetate and 100 mM NacCl (pH 5.4) at 25
°C. p-Cyano-Phe fluorescence was excited at 240 nm, and
emission was monitored at 297 nm. The concentrations of
urea solutions were determined by measuring the refractive
index. Denaturation curves were fit to the equation:

a, + b[denaturanth-

(ay + by[denaturant])glA & u(idenaturant]
f=

14+ ef[AG"U([denaturantRD]

(1)

Where

FiGure 1: Ribbon diagram of NTL9 showing the location of the  AG°([denaturant]}= AG°,(H,O) — m[denaturant] (2)
p-cyano-Phe substitution at Phe-5. Phe-5 is completely buried in

he nati . The diagram ner ing Protein D . .
Eaenkaetmfyséﬁgp\ ar?ddl\l/lafll\?ol ;\}?Z.ge erated using Protei ataandf is the measured signal, (ellipticity in CD and fluores-

cence signal in fluorescence-monitored denaturation experi-

(NTL9). NTLO is a relatively small, 56-residue, domain and Ments), AG®y is the change in free energy for the unfolding
is the simplest example of a common class of structure, the€action,T is the temperature, aridis the gas constang, -
split S—a—p motif (12—14). The domain has been widely 'S the intercept ant, the slope of the curve extrapolated in
used for studies of protein folding and stability4¢-18). the pretransition region. Similarlgy is the_ intercept anty
Kinetic investigations have relied on the single Tyr found the slope of the curve in the post-transition region.

at position 25 since the protein does not contain any Trp Stopped Flow Fluorescence Measuremesitopped flow
residues. Tyr-25 is located on the surface of the protein on Studies were performed as previously described for NTLS,
the solvent-exposed face of anhelix. In the native state  the exception being that the excitation wavelength was
of NTL9, the Tyr side chain adopts a conformation in which 240 nm (7). A 305 nm cutoff filter was used to collect the
the ring packs against the helix, leaving one face exposedﬂuorescence. Samples were in 20 mM sodium acetate and
to solvent while shielding the other. This is enough to lead 100 MM NaCl. Measurements were conducted at pH 5.4 and
to a change in fluorescence quantum yield between the folded2> “C- Stopped flow experiments used an 11-fold dilution.
and unfolded states, but the change in fluorescence does not h€ protein concentration before the jump wa400 M.

directly report on hydrophobic core formatiobs. Such a After four to five fluorescence traces were averaged at each
probe would clearly be desirable. denaturant concentration, the average trace was fit to a single-

exponential function to obtain the observed rate constant
(kong at that denaturant concentration. The plot of the natural
logarithm ofkyps Versus denaturant concentration was fit to
the following equation:

The structure of NTL9 is shown in ribbon format in Figure
1. The topology of the domain j&—/5,—a;—f3—a,, where
the threef-strands form an antiparallgi-sheet and the
second helix extends beyond the globular domain to form
the connector to the C-terminal domain. Tyr-25 is located HO
on the first helix. The domain is highly soluble, folds and N(Kepd = IN[K ™~ exp(—m{denaturant]/RT)+
unfolds reversibly over a wide range of conditions, and does kquO exp(n [denaturantRT)] (3)
not require metal ion or cofactor binding to fold4; 19).
Thus, it is an attractive model system for biophysical wherekH° and k' are the folding and unfolding rates,
investigations. Phenylalanine 5, located on the firstrand, respectively, in the absence of denaturant.
forms part of the hydrophobic core of the protein and was
our target for replacement witircyano-Phe. The analogue, RESULTS AND DISCUSSION
denoted F5k=n NTL9, allows hydrophobic core formation

during folding to be directly probed. A p-cyano-Phe for Phe replacement is tolerated well at

position 5 of NTL9. CD studies (data not shown) demonstrate
MATERIALS AND METHODS that the global fold is not perturbed. The location of Phe-5
is shown on the ribbon diagram of Figure 1. Both urea- and
Protein Synthesis and PurificatioNTL9 incorporating  guanidine HCI-induced denaturation experiments were used
p-cyano-Phe was synthesized using Fmoc chemistry on anto measure the stability of the domain (Figure 2). The use
Applied Biosystems 433A peptide synthesizer. Standard of denaturant-induced unfolding to measux&° depends
Fmoc protocols were used as described previously The upon the validity of the linear extrapolation meth@fd,(21).
p-cyano-Phe Fmoc derivative was purchased from EMD The linear extrapolation method has been shown to be valid
Chemicals. The protein was purified using reverse phasefor NTL9 and for a large number of NTL9 mutants7( 22).
HPLC on a Vydac C4 column as described previous)(  The stability estimated by CD-monitored urea denaturation
Equilibrium DenaturationsCD wavelength scans and CD- is 4.67 kcal/mol, while it is 4.71 kcal/mol if guanidine HCI
monitored denaturation experiments were performed asis used. The values are close to those previously determined
previously described for NTL91(). Samples were in  for the wild type (4.36 kcal/mol) but are slightly larger,
20 mM sodium acetate and 100 mM NaCl. Measurements although the difference for the urea denaturation experiments
were conducted at pH 5.4 and 26. p-Cyano-Phe fluores- s statistically insignificant. In any case, the stability differ-
cence-monitored denaturation experiments were conductedence is small, showing again that the substitution is tolerated
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Ficure 2: Equilibrium unfolding studies of the-cyano-Phe
analogue of NTL9. (A) Guanidine HCl-induced unfolding. (B)
Urea-induced unfolding. The CD signal at 222 nm was monitored.
(C) Urea-induced unfolding monitored Ipycyano-Phe fluorescence

at 297 nm. Experiments were conducted at pH 5.4 andQfn
20 mM sodium acetate and 100 mM NaCl.

Aprilakis et al.

studies (4.34t 0.36 kcal/mal) is in excellent agreement with
the value determined by the CD-monitored unfolding (4.67
+ 0.10 kcal/mol). Them values for urea- and guanidine-
induced unfolding report on the change in solvent accessible
surface area between the native and unfolded st2®s (
The measured values are essentially identical to those
previously measured for the wild type, and the values
determined by fluorescence and CD are identical within
experimental uncertainty. The thermodynamic parameters are
summarized in Table 1. The fact that NTL9 tolerates the
replacement of a buried phenylalanine without loss of
stability or perturbation of the structure illustrates the
conservative nature of thecyano-Phe substitution.

The folding and unfolding kinetics were measured fol-
lowing p-cyano-Phe fluorescence using stopped flow meth-
ods. A plot of the natural log of the observed first-order rate
constant versus denaturant concentration, a chevron plot, is
shown in Figure 3. The first panel displays the results of the
guanidine jump experiments (Figure 3A), while the second
shows the results of the urea jump experiments (Figure 3B).
The urea-induced unfolding transitions of both the wild type
and F5k=y NTL9 are rather broad as expected for a protein
the size of NTL9. Thus, the guanidine HCI jump studies were
conducted to produce the complete chevron plot. The plot
displays the classic V-shaped profile expected for cooperative
two-state folding. In particular, there is no hint of “rollover”,
i.e., a deviation from linearity, at low denaturant concentra-
tions. The folding rate obtained from analysis of the data is
slightly faster than that of the wild type under the same
conditions, while the unfolding rate is slightly slower.
However, given the lengthy extrapolation required to estimate
the unfolding rate, especially for the urea data, the differences
in k, are unlikely to be significant. The unfolding branch of
the urea jump experiment is poorly constructed since it is
necessarily defined by a limited number of points; thus, we
feel that the estimate#, is not reliable even though the
standard error to the fit is modest. The slightly faster folding
is consistent with previous studies that have shown that
increasing the size and hydrophobicity of core residues
increases the folding rate of NTL9 through stabilization of
the transition state via strengthened hydrophobic interactions
(17). The stability calculated from the measured folding and
unfolding rates is in good agreement with the value
determined from equilibrium measurements. The chevron
plot also yields the dependence of the log of the folding and
unfolding rates upon denaturant concentration. These pa-
rameters, traditionally denoted as and m,, respectively,
are believed to report on the relative change in accessible
surface area between the unfolded state and the transition
state () and between the folded state and the transition
state (n,) (24). The values are very similar to those obtained
for wild-type NTL9 (16, 25). mx andm, can be combined to
yield the equilibriumm value for unfolding. The value
calculated from the kinetic parameters is in excellent

well. We also conducted fluorescence-detected urea unfold-agreement with the equilibrium values, consistent with two-

ing studies. The blue-shifted absorbancepedyano-Phe

state folding.mx and m, can also be used to calculate the

allows its fluorescence to be selectively excited at 240 nm dimensionless order paramefer, also sometimes denoted
and detected in the presence of the single tyrosine. We use®n, = [my/(mx — my)]. St reports on the relative exposure of
urea as the denaturant since chloride is a quencher ofthe transition state2d). Values of~1 reflect a native-like

p-cyano-Phe fluorescence, and this complicates guanidinetransition state, while values of0 indicate a denatured-

HCl-induced equilibrium unfolding studies. The stability

like transition state. Most single-domain globular proteins

estimated from thep-cyano-Phe fluorescence-monitored have values between 0.5 and 0.8. For wild-type NTL9, the
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Table 1: Comparison of the Measures of Thermodynamic and Kinetic Parameters for WT apg RAE9 As Determined by Urea and
GuHCI Denaturatioh

AGegiib Megiib ke Ky m my
protein  (kcal/mol)  (kcal moirt M~1) (s1) (s'1) (kcal moF*M~1)  (kcal moFrtM~1) Br
urea WT 4.3+ 0.4 0.7+£0.7° 900+ 100 0.9+ 0.4 05+0.° 0.2+0.7° 0.7+ 0.1
F5Fc=n 4.7+ 0.4 0.7£0.1° - - — - -
FS5Fc=n 43+0.19 0.6+ 0.1 1000+ 20 0.3+ 0.1° 04+0.1 0.2+ 0.1 0.7+ 0.1
GuHCI WT 4.2+ 0.19 1.4+ 0.29 800+ 40 0.9+0.10 0.9+0.19 0.6+ 0.1¢ 0.6+0.1
FS5Fc=n 4.7+0.1 1.45+ 0.1 1000+ 30 0.7+£0.1 0.9+ 0.1 0.5+ 0.1 0.6+ 0.1

a All experiments were conducted in 20 mM NaAc and 100 mM NaCl at@%nd pH 5.4. The numbers after thesymbol are the standard
errors to the fit reported to the appropriate number of significant figures. The kinetic data are averages of three to five repeats. The estimated
standard deviation for the wild-type equilibrium datab8.4 and is based on three repeated measurenfevisdues taken from ret6. ¢ Determined
by CD-monitored equilibrium unfolding! Determined byp-cyano-Phe fluorescence-monitored equilibrium unfolditighe value ofk, for the
urea jump experiments with FBEy is believed to be unreliable for the reasons described in theft€giculated usingneqir andmy. 9 Values taken
from ref 25.
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8 FIGURE 4: Initial (® and ¥) and final amplitudes®) from the
B) urea jump stopped flow experiments plotted vs [urel) refolding
74 studies and ¥) unfolding studies. Experimental conditions were
as described in the legend of Figure 3. The initial refolding
64 amplitudes show no deviation from linearity, consistent with the

lack of a burst phase intermediate. The solid line is drawn through
the initial amplitudes and has no theoretical significance. The dashed
line represents extrapolation of the folded baseline.
denaturant concentrations. Stated differently, the initial
amplitude in a refolding experiment reports on the fluores-
3 cence of an unfolded protein under native conditions. If the
fluorescence of the unfolded state is a linear function of
2 1 denaturant concentration, then one can extrapolate backward
to low denaturant concentrations to calculate the expected
1 ‘ - - - amplitude for two-state folding. Unfortunately, it is very
difficult to conduct a burst phase analysis of fxeyano-
[Urea]lM Phe derivative. Guanidine HCI quenches the fluorescence
Ficure 3: Fluorescence-detected stopped flow folding studies of of p-cyano-Phe; thus, the initial amplitudes are affected by
g;e d?égy?ggﬁrgg .arr‘]f"osgtuzigsf EI'—gr-m(]Ae%tS\‘jvagsgjL”oen dHf::tleJ(Zliqutp , factors other than folding, and the magnitude of this effect
5_2 and 25°C in 218 mFI)vI suodiurh afetate and 100 mM ,\llJaCL PRyaries as a function of guanidine HCI concentration (note
that this does not affect the measured rate constants). This
value of 57 is 0.60-0.65. Thep-cyano-Phe analogue has a is not a problem with urea-induced unfolding. However, the
value of 0.63, indicating that, by this measure, the relative stability and size of NTL9 conspire to prevent the generation
position of the transition state has not shifted. The kinetic of a complete chevron plot. The incomplete unfolding branch
parameters are included in Table 1. prevents a reliable burst phase analysis. Nonetheless, the
Chevron plots are based upon the analysis of rates.available data are consistent with the lack of a burst phase.
However, the amplitudes of the stopped flow traces also The initial and final amplitudes of the urea jump stopped
contain important information. The initial amplitudes, cal- flow studies are shown in Figure 4. It is not possible to
culated by extrapolating the traces backward to time zero, accurately define the unfolded baseline for the reasons
can be used in a so-called “burst phase” analysis. For two- outlined above, but the initial amplitudes are a linear function
state folders, the initial amplitudes of refolding studies should of denaturant concentration. A plot of the initial amplitudes
fall on the extrapolated baseline for the final intensity at high shows no hint of sigmoidal curvature as would be expected

Ink, (s
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for a burst phase intermediate. We also note that the value 5.

of the folding rate determined from the urea chevron plot is
in good agreement with the value obtained from the
guanidine HCI jump studies. The kinetic data are summarized 7
in Table 1.

CONCLUSIONS 8.

This study demonstrates the utility pfcyano-Phe as a
fluorescence probe for protein folding studies. The relatively
conservative nature of the cyano substitution should allow
the replacement of Phe or Tyr residues. In this study,
introduction of the noncoded amino acid at a completely
buried position did not alter the structure or stability of the
protein.

The probe is particularly useful for studies of hydrophobic
core formation given the large fluorescence change observed

between an aqueous and hydrophobic environment. The data 5

presented here for NTL9 highlight the conservative nature

of a p-cyano-Phe for Phe substitution. The use of noncoded 13.

amino acids in protein folding studies has been limited to
date (L7, 25—28). We expect this to change rapidly given

recent technical advances. Advances in peptide synthesis 14.

have made the assembly of small single-domain proteins
relatively straightforward 29). Larger proteins can be
produced using native ligation and expressed protein ligation ;5
methodologies30, 31). In addition, Schultz and co-workers
have develope#scherichia colstrains for the recombinant
production of 4-cyano-Phe-containing proteid®)( Thus,
incorporation of this useful analogue is relatively straight-
forward and should become even easier as technology
continues to mature.

In the case presented here, use ps€yano-Phe has
provided important new information about the folding of
NTL9. All previous studies relied upon the fluorescence of
the single tyrosine at position 25. This residue is not part of
the hydrophobic core and is partially exposed to solvent in
the native state. Thus, it does not directly report on the
development of the hydrophobic core. In contrast, the kinetic
refolding and unfolding experiments conducted with E5F
n NTL9 report directly on hydrophobic core formation. The
data presented here are consistent with cooperative two-state
folding of the split3—a—/ motif of NTL9.
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