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Characterization of Large Peptide Fragments Derived from the N-Terminal Domain
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ABSTRACT: A set of peptides derived from the N-terminal domain of the ribosomal protein L9 (NTL9)
have been characterized in an effort to define the minimum unit of this domain required to fold and to
provide model peptides for the analysis of electrostatic interactions in the unfolded state. NTL9 is a 56-
residuea—gf protein with g1—loop—f2—al—p3—a2 topology. Thes-sheet together with the first helix
comprise a simple example of a common supersecondary motif called thg-split fold. Peptides
corresponding to th@1—loop—/2 unit are unstructured even when constrained by an introduced disulfide.
The Kas of Asp-8 and Glu-17 in these peptides are slightly lower than the values found for shorter
peptides but are considerably higher than the values in NTL9. A 34-residue peptide, which represents the
pl—loop—p2—al portion of NTL9, is also unstructured. In contrast, a 39-residue peptide corresponding
to the entire split—a—p motif is folded and monomeric as judged by near- and far-UV CD, two-
dimensional NMR, ANS binding experiment¥pmeasurements, and analytical ultracentrifugation. The
fold is very similar to the structure of this region in the intact protein. Thermal and urea unfolding
experiments show that it is cooperatively folded with@&° of unfolding of 1.8-2.0 kcal/mol and &,

of 58 °C. This peptide represents the first demonstration of the independent folding of an isolated split
p—a—p4 motif, and is one of only four naturally occurring sequences of fewer than 40 residues that has
been shown to fold cooperatively in the absence of disulfides or ligand binding.

The N-terminal domain of the ribosomal protein L9 Asp8
(NTL9)! forms a small, cooperatively folded, mixed-/ :
structure (Figure 1). It lacks disulfides and does not require
a cofactor or metal ion binding to fold, making it an attractive
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dichroism; CG(1-22)GGy, 26-residue peptide corresponding to resi- Ficure 1: Ribbon diagram of the N-terminal domain of ribosomal

dues 122 of L9 with a CG dipeptide at the N-terminus and a GC protein L9. This figure was made using the program MolscA).(

dipeptide at the C-terminus (the subscript ox refers to the oxidized X . >
version of the peptide with an intact disulfide); FMOR:9-fluore- The purple portion denotes the region of residue22 and the

nylmethyloxycarbonyl; HBTUD-benzotriazoleN,N,N',N'-tetramethy- green portion the region of residues-239, and the C-terminal
luronium hexafluorophosphate; HPLC, high-pressure liquid chroma- helix, residues 4656, is colored yellow. Acidic residues in the
tography; NMR, nuclear magnetic resonance; NOESY, nuclear region of residues-139 are indicated, and the N-terminus is labeled.

Overhauser effect spectroscopy; NTL9, N-terminal domain of ribosomal system for studies of protein folding and stability. Detailed

protein L9 from B. stearothermophilysNTL9:-35, peptide with an . P . - .
amidated C-terminus corresponding to the first 39 residues of the investigations have shown that it folds rapidly in a two-state

ribosomal protein L9 fronB. stearothermophilysNTL9;-2, peptide fashion under a very wide range of conditiois-@). The
with an amidated C-terminus corresponding to the first 22 residues of protein consists of a three-stranded antiparafletheet

the ribosomal protein L9 frorB. stearothermophilu$?AL, polystyrene _heali ;
FMOC support for peptide amides; ROESY, rotating frame nuclear flanked by twoa-helices, the second of which extends to

Overhauser effect spectroscopy: TOCSY, total correlation spectroscopy:fOrm the interdomain connector in .the int?-Ct prOte.m'G)- _
TSP, sodium 3-trimethylsilyl-2,2,3,8; propionate. The three-stranded sheet and the first helix comprise the first
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39 residues of the domain and form what is the smallest andAAG® to AQ, the difference in the number of protons bound
probably the simplest example of a common supersecondaryto the folded and unfolded state. Knowledge of th&ggpof
motif called the splits—o—p fold or ABCD motif (7—9). the folded and unfolded state is sufficient to defin@.
This region of the protein consists of the segments colored NTL9 is a particularly attractive protein for such studies since
purple and green in Figure 1. The spfit-a—/p motif is the native state is stable over a very large pH range and the
found as substructure in a large number of proteins, but thereunfolding transitions are two-state and reversible. There are
are no published reports that indicate if it is capable of six acidic residues in NTL9, and they are all well-separated
folding in isolation. and titrate independently. Information is obtained about the
Considerable recent work has been devoted to developingunfolded state by using the native staté,palues of these
small stably folded “miniproteins” both by de novo design residues together with modeKp values for the unfolded
and by modification and minimization of natural proteins state to construct theoretical stability versus pH curves.
(10—17). Particularly interesting are small systems that do Comparison of the calculated and experimental stability
not require disulfides or cofactor binding to fold. Such versus pH curves provides a test of how well the modkal p
molecules are emerging as popular model systems forvalues capture unfolded state interactions. In our initial study,
computational, theoretical, and experimental studies of we modeled the unfolded statéys using a set of short
protein folding and protein stabilityl—20). Small proteins ~ peptide fragments. These fragments corresponded to the
can also be exploited to provide well-defined structural individual 3-strands and helices and were designed to account
scaffolds for the presentation of peptide libraried~23). for purely local sequence effects. We observed a significant
To date, almost all well-characterized small proteins either deviation between the experimental and calculated plots of
are all helical or have other simple folds such as small AAG® versus pH, indicating that there were residual elec-
p-meanders (the WW domains) or zinc finger-derived trostatic interactions in the unfolded state that were not
B-hairpin helix units 24—26). The splitB—a—p structure  captured by our model peptides. The peptides analyzed here
with its Greek keylike arrangement of elements of secondary provide an alternative model of unfolded staté.g This
structure is more complex than these. could be particularly important for two of the acidic residues,
Here we report the synthesis and biophysical characteriza-Asp-8 and Glu-17, since they are located just before the start
tion of a set of large peptide fragments derived from NTL9 and just after the end of a segment rich in lysines,
and demonstrate that a 39-residue peptide corresponding tgespectively. Our earlier study split this region into two
the split3—o—p motif is able to fold to a well-defined native  peptides; thus, each of these acidic residues could interact
state. In contrast, fragments which include just the first two with only a subset of the lysine residues.
p-strands and intervening loop do not fold even when
constrained by a disulfide, nor does a 34-residue peptide MATERIALS AND METHODS
which contains the strar€loop—strand unit as well as the
first helix. This work thus defines the minimal elements of ~ Peptide Synthesis and PurificatioAll of the peptides
NTL9 required to fold and provides the first example of a were synthesized on a 0.22 mmol scale by solid phase
B—o—f motif that can fold in isolation. methods using FMOC-protected amino acids and HBTU-
Analysis of the shorter fragments also provides information mediated coupling on Millipore 9050 Plus and Rainin PS-3
about local tendencies to form structure in the unfolded state.automated peptide synthesizers with standard reaction cycles.
This is particularly interesting in the case of NTL9 since All B-branched amino acids and all residues coupling to
previous investigations have revealed the presence of non3-branched amino acids were double coupled. Each coupling,
random interactions in the unfolded sta2@,(28). Character-  except for the last, was followed by a capping step using
izing unfolded state interactions is a critical but difficult part acetic anhydride. Use of a resin with a PAL linker generated
of defining the folding proces20). Of most relevance to  an amidated C-terminus following cleavage from the resin
protein folding and protein stability is the nature of the with a 91% trifluoroacetic acid (TFA)/3% anisole/3% thio-
denatured state under conditions which favor the native state.anisole/3% ethanedithiol mixture. Each peptide has a free
The high cooperativity of the folding process normally N-terminus. Reverse phase HPLC using a Vydag C
prevents direct observation of this state, and indirect ap- semipreparative column was used to purify the peptidgS/ H
proaches have to be used. Analysis of sets of small peptideacetonitrile (ACN) gradients with 0.1% TFA as the coun-
fragments corresponding to individual elements of secondaryterion were used. The peptides are designated as follows:
structure is a standard method and provides information aboutNTL9:- 2, the first 22 residues of NTL9; NTLi934, the first
local preferences in forming structure in the absence of 34 residues; NTL 3, the first 39 residues and CG{22)-
tertiary interactions. Analyzing larger fragments such as those GC which is the first 22 residues of NTL9 with a CG unit
characterized here can extend these stucdis ( added to the N-terminus and a GC unit added to the
Studies of peptide fragments, while very useful, cannot C-terminus. The NTL9 ., CG(1-22)GC, NTL9 34, and
provide a complete picture of the structural propensities of NTL9;-39 fragments eluted at 24, 25, 30, and 33% acetoni-
the unfolded state because they necessarily are unable tdrile, respectively. The identities of all peptides were
mimic interactions, which require the entire chain. pH- confirmed by using matrix-assisted laser desorption ioniza-
dependent studies of protein stability can provide information tion time-of-flight (MALDI-TOF) mass spectroscopy. The
about these important interactior8(31—34). Comparison calculated and observed molecular weights were as fol-
of the experimentally determined pH dependence of the lows: NTL9,_,,, calculated 2430.1, observed 2429.6; CG-
stability of a protein AAG®) to the AAG® values predicted  (1—22)GC, calculated 2750.5, observed 2753.4; NiTL9
by the Tanford linkage relationship forms the basis of the calculated 3785.6, observed 3794.7; and NiTkf calculated
approach. The linkage relationship, which is exact, relates 4283.2, observed 4284.9.
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Formation of the Disulfide in CG(22)GC The reduced 500 and 600 MHz spectrometers. All spectra were internally
CG(1-22)GC peptide was first dissolved & 3 Mguanidine referenced to sodium 3-trimethylsilyl-2,2,3d3propionate
hydrochloride (GuHCI) solution (pH 1.85) to inhibit any (TSP) at 0.0 ppm. Two-dimensional (2D) spectra were taken
aggregation and intermolecular disulfide formation. Then, at 2-=3 mM peptide concentration at Z%& in 90% HO/
oxidation of the reduced peptides was carried out in a 0.2 10% D,O, 10 mM phosphate, and 100 mM NacCl buffer at
M tris(hydroxymethyl)aminomethane buffer at pH 8.5 for 6 pH 5.4. TOCSY, NOESY, and ROESY spectra were used
h before separation on a semipreparative Vydac C18 reversdor assignments. A NOESY spectrum of the NTL®
phase HPLC column. The final GuHCI and peptide concen- peptide was also performed in,O buffer at pD 5.1
trations in the reaction mixture were 0.3 M and. mM. (uncorrected). Mixing times of 75 or 100 ms were used in
The identity of the purified peptide was confirmed by mass the TOCSY experiments, and a mixing time of 300 ms was
spectroscopy. used in the ROESY and NOESY experiments. The deviation

Circular Dichroism (CD) Spectroscopyll CD experi- of the chemical shifts of the ©protons from random coil
ments were performed using Aviv model 62A DS and 202SF values was calculated using the random coil chemical shifts
circular dichroism spectrometers. All measurements were of Wishart et al. 87). Native state chemical shifts for NTL9
performed in the 10 mM phosphate and 100 mM NaCl buffer are from Kuhlman et al.2).
(pH 5.4) at 25°C. These conditions were chosen to match  Determination of pks Using NMRpK_s were determined
our studies of intact NTL9. Additional experiments were by monitoring chemical shifts as a function of pH. The
performed in 400 mM N#SO, at pH 5.4. The peptide chemical shifts of the €protons on aspartate and the C
concentration was 2040 uM for far-UV experiments. Far-  protons on glutamate move downfield by approximately 0.2
UV wavelength scans were performed a 1 mmquartz ppm when the carboxyl group is protonated. Data were fit
cuvette using five repeats with an averaging tinie8 @ at to the HendersonHasselbalch equation to determin€.g:
each wavelength and a spectrometer bandwidth of 1.5 nm.
Urea-induced denaturation was performe@il cmcuvette
by monitoring the signal at 222 nm. Samples for near-UV
measurements were 30M. A 1 cm quartz cuvette was used where d is the chemical shiftppase iS the chemical shift
for near-UV measurements and the thermal unfolding experi- associated with the unprotonated residuggis the chemical
ment. The thermal unfolding curve was monitored at 280 shift associated with the protonated residue, alkdspthe
nm. Protein and peptide concentrations were determined frompK, value of the residue. Data were also fit to a modified
absorbance measurements using the method of Pace and cddill equation that assumes that there arprotons titrating
workers (35). simultaneously at each position:

Fluorescence.The fluorescence emission signal was
collected at 28C using an ISA Fluorolog spectrometer. The  §(pH) = [Opacet Oaciq X 10 PPHY[L 4+ 107PKPH) (3)
unfolding transition curve of the NTL9;9 fragment was
determined by monitoring the emission signal change of Tyr- If the Hill coefficient (n) equals 1, this expression reduces
25 at 305 nm. The sample concentration for the fluorescenceto the simple HenderserHasselbalch equation. A Hill
experiment was 2@M, and the same buffer conditions as coefficient of less than 1 indicates that the titration is broader
in the CD experiments were used. The ANS (1-anilinon- than expected for the single protonation of a noninteracting
aphthalene-8-sulfonate) fluorescence was measured using 2ite, while a Hill coefficient of greater than 1 indicates that
uM ANS and 4uM peptide. The ANS binding experiments it is sharper. TOSCY experiments with a mixing time of 75
were performed using an excitation wavelength of 370 nm, ms were performed at different pHs to determine the
and emission spectra were recorded over the range 6f 380 chemical shifts as a function of pH. The peaks in the 2D
650 nm. The concentration of the ANS stock solution was NMR spectra were identified starting from the assignments

O(PH) = (Opaset dagia x L0 PH/I(L+ 107PT) (2)

determined using a molar absorption coefficient of %.8
1 M~tcmtat 372 nm in methanol (provided by Molecular
Probes).

at pH 5.4. Chemical shift data were corrected for the pH
dependence of the TSP chemical shift using the following
equation

Urea and Thermal Denaturation Cue Fitting. Urea
denaturation curves were fit using standard meth@®s. ( o (4)
A two-state model was used to fit data collected from CD
and fluorescence experiments to determine the stability of Sediment Equilibrium Measurementxperiments were
NTL9:1-39, AGy°(H20), in the absence of urea. The free performed at 25C for NTL9;-_3¢ and at 4°C for NTL9;-»,
energy of unfolding is assumed to be a linear function of and CG(+22)GGy with a Beckman Optima XL-A analyti-
denaturant concentration. cal ultracentrifuge, using rotor speeds of 30 000, 40 000, and
50 000 rpm. Analyses were performed at four separate
peptide concentrations (50, 100, 200, and 30@) for
NTL9; 30. CG(1-22)GCGx was examined at concentrations
of 10 and 40uM and NTL9 -, at 50 and 30QuM. All
samples were in 100 mM NaCl buffer at pH 5.4 using 10
mM phosphate. Experiments were carried out using 12 mm
path length, six-channel, charcoal-filled, Epon cells with

O — 0.019(1+ 10°PH)1

corr — “obs

AG,° = AG,°(H,O) — m[urea] Q)
where AGy° is the apparent free energy for the N to D
transition. Thermal unfolding data for NTLG;, were fit as
described previously2j. However, the value ofl,, was
determined by numerical differentiation of the experimental
curve. guartz windows. Partial specific volumes and solution density
Nuclear Magnetic Resonance (NMR) SpectroschipyR were calculated using the program Sednt&§).(The data
experiments were performed on Varian Instruments Inova were globally fit with a single-species model with the
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Table 1: Peptide Fragments of NTL9 Used in This Study

30 40°

peptide fragment sequence”
1 10 20
NTLO,2) NH; -MKVIFLKDVKGKGKKGEIKNVA - NH,
CG(1-22)GC NH;-CGMKVIFLKDVKGKGKKGEIKNVAGC-NH,
NTL9, .34 NH,; -MKVIFLKDVKGKGKKGEIKNVADGYANNFLFKQG-NH,
NTLY;.39 NH;-MKVIFLKDVKGKGKKGEIKNVADGYANNFLFKQGLAIEA-NH,

a2NH; denotes a free N-terminus, and NHenotes an amidated C-termind§.he numbering refers to the sequence of NTL9; thus, Met is

always denoted residue 1.

molecular weight treated as a fitting parameter. The HID
program from the Analytical Ultracentrifugation Facility at
the University of Connecticut (Storrs, CT) was used for the
fitting analysis.

RESULTS AND DISCUSSION

Design of Peptide Fragment©ur previous studies of

peptide fragments made use of short peptides corresponding

to the individualo-helices angs-strands of NTL9 27, 28),

as well as one additional peptide (residues-83) which
was prepared to provide a model of local effects on thg p
of Glu-38. Only the peptide corresponding to the C-terminal
a-helix displayed any tendency to form structure in isolation.
Not too surprisingly, the peptides corresponding to the
individual g-strands were unstructured. The peptide frag-

ments examined here are considerably larger and are
designed to accomplish two goals. We wish to determine

the minimum amount of the domain required to exhibit

Table 2: Data Derived from Analytical Ultracentrifugation
Measurements

sample MW

NTL9;—»°

50uM 2510+ 330

300uM 2610+ 250

global 2580+ 250
CG(1-22)GGy

10uM 2950+ 260

40uM 2870+ 210

global 2900+ 210
NTL9;_3¢°

50uM 4140+ 880

100uM 4060+ 450

200uM 4070+ 620

300uM 3550+ 400

global 4350+ 850

aMW calculated from global fits to data collected at 30 000, 40 000,
and 50 000 rpm? Measured at 4C. ¢ Measured at 25C.

structure, and we also wish to further probe the role of local primary sequence is listed in Table 1. A second peptide was
interactions (defined here as interactions involving residues prepared which consists of residues22 but with a Cys-

close in primary sequence) on th&values of the acidic

Gly unit attached at the N-terminus and a Gly-Cys unit at

residues. We prepared two peptides corresponding to the firsthe C-terminus. Formation of the disulfide between the two
two f-strands and intervening loop. One of these was a cysteins provides a constrained variant of the strdodp—

disulfide-cyclized variant. A third peptide, 34 residues in
length, contained thg-strand-loop—f-strand unit and the
first a-helix as well. The final peptide constitutes the
complete splits—o.—f module.

Structural Analysis of thggl—Loop—[52 Peptides and
Characterization of Electrostatic InteractionBhe first two
p-strands of NTL9 are connected by a loop rich in lysines

strand unit. The two glycines were included to avoid any
potential steric problems in forming the disulfide. The
oxidized version of the peptide is denoted as C&{2)-
GGy, and its primary sequence is included in Table 1. Both
NTL9;-,, and CG(+22)GGyx have a free N-terminus and

an amidated C-terminus. The same numbering system is used
for all peptides. Methionine is the first residue in NT,L9,

and glycines. Interestingly, the loop is not disordered but and is also designated Met-1 in CG{22)GGCy even though
appears to be ordered in the X-ray structure of L9 and in this peptide begins with a Cys-Gly unit.

the solution structure of the isolated N-terminal domdin (

Analytical ultracentrifugation measurements were per-

39). The region encompassed by the first two strands andformed on CG(+22)GCx to rule out the formation of
connecting loop contains several residues which appear tointermolecular disulfides. Global analysis of data collected

be involved in important electrostatic interactions in the
unfolded state, including Glu-17 and Asp-83]. Analysis

at three rotor speeds and two peptide concentrations (10 and
40 uM) confirmed that GC(£22)GGyx is monomeric. The

of a set of point mutants strongly suggests that Glu-17 is analysis yielded an apparent molecular weight of 2900

involved in electrostatic interactions in the unfolded state
which significantly modulate the pH-dependent stability of
NTLO (40). In the native state, a cluster of lysine side chains
is found close to Glu-17 and Asp-8. If the hairpin were
capable of forming in isolation, this might explain the origin
of the unfolded state effects.
A peptide corresponding to residues22 which encom-

passes the entire stranlbop—strand structure was prepared

210 which is very close to the expected value of 2751 (Table
2). NTL9;—», was also examined by analytical ultracentrifu-
gation and was found to be monomeric. Global analysis of
data collected at two peptide concentrations gave an apparent
molecular weight of 258@& 250 which is very close to the
expected value of 2431. Both of the peptides appear to be
unstructured as judged by far-UV CD (Figure 2). There is
no increase in structure at low temperatures or in the presence

to examine the tendency of this important substructure to of N&SO,, a protein stabilizing agent that has previously

form in isolation. The peptide is denoted NTL9, and

been shown to stabilize the native state of intact NTBP (

corresponds to the region colored purple in Figure 1. The Two-dimensional NMR studies are fully consistent with the
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Ficure 2: Far-UV CD spectra of (a) NTL9y,, (b) CG(1-22)-

GGy, and (c) NTL9_3z4. All spectra were obtained at pH 5.4 and

25°C.
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Ficure 3: Chemical shift deviations of €protons between (a)
NTL9;-,, and random coil values and (b) CG{22)GGy and
random coil values.

3. The largest deviation i50.28 ppm, while most are0.1

ppm. In contrast, the deviations space a range of more than

+1 ppm for this region of intact NTL94(). The large

deviations from the values observed for NTL9 and the small

deviations of the shifts from random coil values provide good

additional evidence that both peptides are unstructured.
The Ks of Asp-8 and Glu-17 were measured for each

peptide. The €protons of Asp-8 and the'®rotons of Glu-

17 shift more than 0.2 ppm downfield as the respective

carboxylates are protonated. The pH-dependent shifts of these

CD experiments and confirm that both peptides are unstruc-residues were followed by recording a set of TOCSY spectra
tured. The proton spectra of both peptides could be largely from pH 7 to 2. The K, values were determined by fitting
assigned using standard methods. In the native state of NTL9the data with a modified Hill equation (see Materials and

cross-strand NOEs are observed between thprGtons of

Methods). The data are all well fit with Hill coefficients very

residues 14 and 118, and K2 and N20. In contrast, fo C close to 1, and the curves are shown in Figure 4. TRgp
proton—C* proton NOEs are observed in the ROESY of Asp-8 and Glu-17 in NTL9 », are slightly lower than

spectrum of either peptide.*Cproton chemical shifts are

the values measured in smaller peptides from NTL9 but are

well-known to be sensitive to secondary structure, and the still much larger than those measured for the folded state of

C* protons of K2, V3, 14, 118, and N20 are all shifted
strongly downfield of water in the native structure of NTL9.
No significant deviation from random coil values was

observed for either NTL9,, or CG(1-22)GG,.. Plots of

the deviation from random coil values are shown in Figure

NTL9. The minor shifts from the values previously measured
for these groups in the fragments of residued 1 and 12

23 of NTL9 are consistent with the lack of structure observed
by NMR and CD. The direction of the smalKp shifts is
easily understood since the fragment of residue2
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Table 3: X, Values and Hill Coefficientsn) for the Acidic Residues in NTL9 and in the Fragments of NTL9

Asp-8 Glu-17 Glu-38
peptide *Ka n pKa n pKa n

NTL9?2 2.99+ 0.05 0.94+ 0.09 3.57+ 0.05 0.93+£ 0.08 4.044+0.05 0.95+ 0.09
1-112 3.84+ 0.06 0.97+ 0.08

1223 4.114+0.17 0.96+ 0.02

35—42 4.634+0.14 0.86+ 0.20
NTL9;— 2 3.66+ 0.04 0.98+ 0.09 4.054 0.03 0.94+ 0.05

CG(1-22)GCx 3.58+ 0.09 1.03+0.20 3.93+ 0.03 0.93+ 0.04

NTL9;-39 3.23+0.06 1.12+0.11 3.71£ 0.06 1.09+0.12 4.4440.03 1.28+ 0.09

aThe K, values and Hill coefficients for NTL9 are from Kuhlman et &8).

—
-]
R
5y
=l
Lh

Asp-8
2.85 1
2.80 A
2.75 1

2.70

Chemical shift of CPH (ppm)

2.65 A

2.60 . . T . .

pH
2.50

_—
o
—

2.45 A Glu-17
2.40
2.35 A
2.30

2.25 A

2.20 A

Chemical shift of C'H (ppm)

2.15 . . T . .

Ficure 4: Chemical shift as a function of pH for the carboxylates
in NTL9;—», (®) and CG(+22)GGy (O). (a) pH-dependent
chemical shift of the € proton of Asp-8 and (b) pH-dependent
chemical shift of the Cproton of Glu-17. The curves were fit to
determine K, values, and solid lines represent the best fit to eq 3.

contains all of the lysines in the loop region while the shorter
fragments do not. Thelfas are further shifted away from
the values of residues111 and 12-23 in CG(1:-22)G Gy,

but the shifts are still very different from the folded state
values. Again, this is consistent with the lack of structure
observed for CG(222)GGy The additional shift relative
to NTL9,—2; is also reasonable since the disulfide constraint

Addition of the First Helix Is Not Sufficient To Induce
Folding, but Addition of the Helix and Third Strand ls
the intact domain, one face of tifiesheet interacts with the
first a-helix to form part of the hydrophobic core in NTL9.

In addition, there is an important electrostatic interaction
involving the side chain of Asp-23 and the protonated
N-terminus on this face of the molecule. Obviously, none
of these interactions are possible in our stralmbp—strand
peptides. Consequently, we prepared a larger fragment,
residues 134, which includes the entire first helix and the
residues which lead from the C-terminus of the helix to the
last 5-strand. The residues corresponding to the last strand
are not included. We denote this construct NTLQ Far-

UV CD indicates that it is unstructured. The spectrum
recorded at pH 5.4 and 2% is displayed in Figure 2c. No
additional structure is induced by lowering the temperature
or by adding sulfate. Unfortunately, the unexpectedly low
yield of this peptide meant that there was not enough material
to conduct detailed pH titrations.

In striking contrast, the addition of just five more residues
leads to a well-folded molecule. This peptide, denoted
NTL9;-3q, includes the first 39 residues of NTL9 and
comprises the entire three-strangkdheet and the first helix.

It constitutes the complete spjit—o—f motif and corre-
sponds to the purple and green colored portion of Figure 1.
The far-UV CD spectrum of this peptide is shown in Figure
5a. The strong positive maximum below 200 nm and the
significant negative intensity from 205 t8230 nm are
indicative of a folded structure. The spectrum is somewhat
different from the published spectrum of NTL9 with less
intensity in the 222 nm region4(). This is entirely
reasonable since the additional 17 residues present in intact
NTL9 form a longa-helix. NTL9;-39 also exhibits a near-
UV CD spectrum (Figure 5b) indicating that the single
tyrosine (there are no tryptophans) is held in a rigid
environment. This provides evidence that tertiary interactions
are formed and that the molecule is not in a molten globule-
like state. Fluorescence experiments indicate that the protein
does not bind ANS, providing even more evidence that it
populates a well-defined native state and not a molten
globule.

In the native state of NTL9, one face of tifiesheet is
covered by the C-terminal helix with Leu-44 and Leu-47
from the helix making contact with lle-4, lle-18, and lle-37
from the sheet. In the absence of the C-terminal helix, these
residues will be partially exposed to solvent. The exposed
hydrophobic groups might promote self-association; thus, it
is very important to establish that NTLSg is monomeric.

should increase the positive charge density near Asp-8 andAnalytical ultracentrifugation experiments were performed

Glu-17. The data are summarized in Table 3.

at several rotor speeds and several peptide concentrations
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Ficure 5: (a) Far-UV CD and (b) near-UV CD spectra of )
NTL9;_30. The spectra were obtained at pH 5.4 and°25 Figure 7. NOE cross-peaks between thesepttons are

clearly resolved. The cross-peak between K2 and N20 is
(Table 2). Global analysis of all data sets yielded an apparentweak, especially above the diagonal. This is likely due to
molecular weight of 435Gt 850 which agreed very well  cross-saturation of the K2°Cproton during solvent sup-
with the expected monomer weight of 4283. In addition, there pression. The final piece of NMR evidence indicating a
was no systematic deviation in molecular weight with nativelike fold is the observation of ring current-shifted

changes in peptide concentration. methyl resonances at 0.52 ppm from V3, 0.77 ppm from
NTL9 -39 Adopts Natielike StructureThe CD and ANS A26, and 0.95 ppm from A36. These peaks are observed at
fluorescence experiments demonstrate that NT459s well- 0.58, 0.74, and 0.96 ppm, respectively, in intact NTLO.

folded, but they do not provide any detailed structural NTL9; 39 has a free energy of unfolding between 1.8 and
information. Fortunately, théH NMR spectrum of this 2.0 kcal/mol; this means that up to ca-3% of the peptide
molecule is reasonably well resolved, and backbone assign-could be unfolded at 28C. We did not observe a second
ments for 36 of the 39 residues could be made. The observedset of minor peaks in the spectrum. This is consistent with
C* proton chemical shifts are consistent with the global fold our previous observation that intact NTL9 folds very rapidly
being very similar to that of NTL9. Strong downfield shifts and is in fast exchange on the NMR time scale.

are observed for ©orotons in thes-sheet just as we observed pKa measurements provide additional, excellent evidence
for the intact protein. The deviation of the* @roton shifts that NTL9,_39 adopts a global fold very similar to that of
from random coil values is compared to the deviation from the same region in intact NTL9. We were unable to follow
the values in NTL9 in Figure 6. Deviations from random resonances associated with Asp-23, but tigspf the three
coil values are large, ranging up 1.2 ppm, while the  other residues (Asp-8, Glu-17, and Glu-38) could be
deviations from the shifts measured in NTL9 are much estimated. The apparerKpvalues of Asp-8 and Glu-17 are
smaller, spanning the range of only 0.07#t6.17 ppm. More only slightly higher than those measured in NTL9, and they
direct evidence for nativelike structure is provided by a are significantly lower than the values determined for the
NOESY experiment. In the intact protein* @roton—C* shorter peptides. The small difference between the values
proton NOEs are observed between 14 and 118, K2 and N20, measured for NTL9 and NTL9s is likely due to the fact

F5 and A36, and V3 and E38. The* @roton—C% proton that NTL9,_sg Starts to unfold at low pH values. The unfolded
region of the NOESY spectrum of NTLS;s is displayed in state K;s are higher than the folded state values; thus,
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Table 4: Equilibrium Thermodynamic Parameters for NTL9and Intact NTL9 Derived from Thermal Unfolding and Urea Denaturation at
25°C and pH 5.4 with 10 mM Sodium Phosphate and 100 mM Sodium Chloride

CD at 222 nm fluorescence at 305 nm
AG°(H,0) m AG°(H,0) m thermal unfolding
protein (kcal/mol) (kcal moirt M%) Cu (M) (kcal/mol) (kcal moirtM~1) Cu (M) Tm (°C)
NTL9? 4.45 0.72 6.18 77.3
NTL91-39 1.81+0.12 0.474+ 0.02 3.87+ 0.09 1.96+ 0.05 0.51+ 0.01 3.83+ 0.04 58.0

@ The thermodynamic parameters of NTL9 are taken from Luisi etl3l. (

V3-E38 @

F5-A36 ||

%

0.6 1

Fraction Unfolded

D2 (ppm)

I4-118
f

8, (mdag) Q}300

0.2 1

8 1w

4 3
[Urea] (M)
T

5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2

[Urea] (M)

5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2 (b)
D1 (ppm)

Ficure 7: Portion of the 2D NOESY spectrum of NTLGy in
D,0 at 25°C and pD 5.1 (uncorrected). NOEs betweenp@otons

on adjacenfi-strands are labeled. Artifacts resulting from residual
HOD in the D2 dimension are labeled with an X.

unfolding at the lower-pH limits will lead to a systematic
error and an overestimation of th&pvalues. The Hill
coefficients for the NTLQ 39 Asp-8 and Glu-17 titrations
are slightly different from unity, and this is also an effect of
the low-pH unfolding. The apparentKp of Glu-38 in
NTL9;_39is very similar to that measured in a small peptide
and is higher than the value found in NTL9. This is
reasonable since Glu-38 is at the C-terminus of NiTL®
and hence is in a very different environment in NTL8 : : .
and NTL9. The results of thekp determination are listed 0 20 40 60 80 100
in Table 3. o

NTL9- 30 Folds Cooperatiely. Cooperative folding and Temperature ('C)
unfolding is a hallmark of natural globular proteins; in FIGURE 8: (a) Urea-induced unfolding of NTL9;, followed by

. . CD measurements at 222 n@)(and fluorescence at 305 nr®),
contrast, many designed proteins and some small naturalBoth measurements were performed at pH 5.4 antC2&nd the

polypeptides exhibit diffuse unfolding transitions. Urea ynfolded fraction was calculated as described in Materials and
denaturation experiments were conducted to estimate theMethods. The inset shows the data for the CD-monitored denatur-

stability of NTL9,—35 and to test the cooperativity of the ation. (b) Thermal unfolding curve of NTL9ss. The solid lines
unfolding. The unfolding curve is displayed in Figure 8a and indicate the fits.

shows the characteristic sigmoidal shape expected for a well-folded state and the unfolded state. The reduction imthe
folded protein, and more importantly, the curves monitored value is expected, and the measuredalue is consistent

by fluorescence and by far-UMCD overlap. As expected,  with empirical correlations that relate thevalue to the size
NTL9;-39is less stable than NTL9. The midpoint of the urea of globular proteins42). AG° of unfolding in the absence
denaturation is 3.87 M urea for NTL9e and 6.18 M for of urea is calculated to be between 1.8 and 2.0 kcal/mol,
intact NTL9. Them value of NTL9 3¢ is 0.47 kcal mot? and again the value is smaller than that measured for the
M™%, which is smaller than the value measured for NTL9 intact domain under similar conditions. There are a number
under similar conditions (0.72 kcal méIM~1). m values of examples of designed proteins and partially folded states
are related to the change in buried surface area between thef natural proteins (molten globules), which display sigmoi-

0,4, (Mdeg)
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dal unfolding curves for denaturant-induced unfolding but
which show diffuse thermal unfolding curves. In contrast to
these poorly folded systems, NTL.Qy exhibits a sigmoidal
thermal unfolding curve. The CD-monitored thermal dena-
turation is shown in Figure 8b. The midpoint of unfolding
is near 58°C which is lower than that measured for NTL9
but is still relatively high. The width of the transition is
consistent with the small size of NTLS,. The stability data

Horng et al.

other. This network of side chain interactions leads to
numerous van der Waals contacts and also shields the
backbone hydrogen bonds in the sheet from solvent. The
stability of the domain is modest with an estimat®@° of
1.8-2.0 kcal/mol at 25C and aT, of 58 °C. Small proteins
normally have highl,s because their small size means that
the changes in heat capacity and entropy of unfolding are
small (16, 43). AS’ is directly related to the slope of the

are summarized in Table 4. The previously determined valuesAG® versusT plot, while the curvature is related toC,°/T;

for NTL9 are included for comparison.

CONCLUSION

Our analysis of NTL9 shows that the entire splita—f
motif is the minimum unit required for cooperative folding.

The smaller fragments characterized here, although contain-

ing significant portions of th8—a—/ unit, are unstructured

even in the presence of stabilizing agents or even when
constrained by introduced disulfides that are designed to

favor nativelike topology. The studies of the smaller frag-
ments have important implications for studies of the unfolded
state of NTL9, while our characterization of NTL-Qg adds

thus, small proteins normally have shallow Gibtbtelmholtz
profiles, and their highT,s do not imply a large value of
AG° at any temperature. The relatively high, and the
modestAG® for NTL9;_3g are consistent with these observa-
tions. The stabilities of three other naturally occurring
cooperatively folded structures af40 residues have been
reported. The free energy of unfolding and fhgs of all
four of these small proteins are very similar. Two of the
other proteins, the 36-residue villin subdomain and the 41-
residue peripheral subunit-binding domain, are all helical
structures. The free energy of unfolding of the villin
headpiece subdomain has been estimated to be 3.1 kcal/mol
at 4°C, and theT, equals 70C. TheAG® of unfolding for

another member, with a unique fold, to the small number of o heripheral subunit-binding domain was also found to be

cooperatively folded “miniature” proteins.

3.1 kcal/mol at 4°C and is 2.2 kcal/mol at 25C. The T,

Previous studies have indicated that there are significantfor this domain is 53°C. A 36-residue version of the

electrostatic interactions in the unfolded state of NTL9. That

peripheral subunit-binding domain is only slightly less stable

work used short peptide fragments to provide model unfolded with a AG® for unfolding of 1.8 kcal/mol at 28C and aT,

state K, values for the six acidic residues in NTL2§).

of 48 °C. A 34-residue version of the gitsheet Pin 1 WW

The fragments were chosen in an attempt to capture localdomain (36 residues if two additional residues resulting from

sequence effects on unfolded stakkg palues. One potential

the expression systems are counted) folds cooperatively with

cause for concern is that the fragments might not be goodan estimated\G® of unfolding of 3.3 kcal/mol at £C and
models for local sequence effects. If this were the case, thena T, of 58 °C (44).

the interpretation of the pH-dependent stability data might

It is natural to inquire if there is something unusual about

need to be revised. Perhaps the most worrisome residues ifhese small domains which allows them to fold cooperatively.
this regard are Asp-8 and Glu-17 since they are N-terminal | jmijted data are available, but in our view, the answer
and C-terminal, respectively, to the lysine glycine rich loop appears to be no. Early work based on the measured per
and the intact loop was not included in the previous set of residue values of standard thermodynamic parameters sug-

fragments. The analysis presented for the NiFk@and CG-
(1—22)GGx peptides strongly argues that this is not a
problem since thelg, values of the acidic residues in these

gested that the minimum size of a cooperatively folded
structure would need to be on the order of 50 residd&} (
The existence of smaller cooperatively folded units does not

constructs are very similar to the values observed in the necessarily mean these predictions are incorrect or that

shorter fragments. In addition, th&pvalues measured for
NTL9:—,; and CG(+22)GGyx combined with the structural

unusual features are required to maintain small folded
structures. It is important to recall that the early analysis

analysis provide evidence that any strong propensity to form attempted to predict the minimum size required for a protein

structure in this region in isolation cannot account for the
unfolded state interactions inferred for NTL9.

to have aAG® significantly larger than random thermal
energy, RT, at or above room temperature. In fact, the small

To the best of our knowledge, the work reported here is proteins analyzed to date, including NTL, have AG®

the first demonstration of the cooperative folding of an
isolated split3—a—/ unit. Removal of the C-terminal helix
of NTL9 to generate NTLf 39 leaves an exposed hydro-

values at 25°C which are only several times greater than
RT. In addition, all of these domains are part of larger
structures and/or function to bind ligands; thus, they may

phobic patch made up of residues from the three-strandedwell be more stable in their biologically relevant context. A
pB-sheet, but the native state structure does provide clues agletailed thermodynamic analysis has been reported for only

to why NTL9;_3, is still able to fold. lle-37 and Ala-39 on
the third strand, lle-4 and Leu-6 on the first strand, and lle-

one miniature protein, the peripheral subunit-binding domain.
Importantly, that study showed that the per residue values

18 on the second strand are each partially exposed to solvenbf AH° andAC,° all fell within the normal range for globular

upon removal of the helix. These residues form significant
interactions with each other in addition to their interactions
with the helix. In particular, lle-4 and lle-18 have significant

mutual interactions while lle-4 also packs against lle-37,
which in turn interacts with Leu-6. Ala-39 and lle-18 are on

the outermost strands of the sheet (the topology isZ),

single-domain proteins, indicating that there was nothing
unusual about the thermodynamics of its foldidg)( Recent
work has highlighted aromaticaromatic interactions and
aromatic-proline interactions as potential mechanisms for
stabilizing small proteins. For example, the villin headpiece
subdomain contains an interesting cluster of buried aromatic

and the twist of the sheet allows them to pack against eachresidues, while a small design@dhairpin appears to rely
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on Trp—Trp contacts for stability 46). Aromatic—proline

interactions are also thought to play a role in stabilizing some

unusually small cooperatively folded structure,(17).
None of these interactions are present in N9 or for

that matter in the peripheral subunit-binding domain; thus,

while they might provide one means of stabilizing a
cooperative fold, they are clearly not the only way.
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