1942 Biochemistry2000, 39, 1942-1950

The Single Mutation Phel73- Ala Induces a Molten Globule-like State in Murine
Interleukin-6
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ABSTRACT: A series of three aromatic to alanine mutants of recombinant murine interleukin-6 lacking the
22 N-terminal residuesAN22mIL-6) were constructed to investigate the role of these residues in the
structure and function of mIL-6. While Y78A and Y97A have activities similar to thaAN22mIL-6,

F173A lacks biological activity. F173A retains high levels of secondary structure, as determined by far-
UV circular dichroism (CD), but has substantially reduced levels of tertiary structure, as determined by
near-UV CD and!H NMR spectroscopy. F173A also binds the hydrophobic dye 1-anilino-8-
naphthalenesulfonic acid (ANS) over a range of pH values and exhibits noncooperative equilibrium
unfolding (as judged by the noncoincidence of monophasic unfolding transitions monitored by far-Uv
CD andAmax With midpoints of unfolding at 2.6- 0.1 and 3.5+ 0.3 M urea, respectively, and the lack

of an observable thermal unfolding transition). These are all properties of molten globule states, suggesting
that the loss of activity of F173A results from the disruption of the fine structure of the protein, rather
than from the loss of a side chain that is important for ligareteptor interactions. Surprisingly, under
some conditions, this loosened conformation is no more susceptible to proteolytic attack than the parent
protein. By analogy with human IL-6, Phel73 AN22mIL-6 makes multiple interhelical interactions,

the removal of which appear to be sufficient to induce a molten globule-like conformation.

Interleukin-6 (IL-6} is a pleiotropic cytokine that plays a yet, no reports of structures for the higher complexes of IL-
central role in tissue injury and host defense against infection 6, IL-6R and gp130 have been published. However, several
(1—3). Its dysregulated production is associated with diverse mutagenic and chimeric studies have resulted in the identi-
diseases such as rheumatoid arthritis, psoriasis, postmenofication of three separate binding sites on hIL-6 for the IL-
pausal osteoporosid)( multiple myeloma), and Kaposi's 6R and gp130 (reviewed ir8)).
sarcoma §). A more complete understanding of IL-6 and  Techniques such as alanine scannihg, (L4), whereby
its signaling mechanisms may lead to the development of individual residues or stretches of residues are selectively
therapeutics for the treatment of such diseases. mutated to alanine throughout most of the protein sequence,

IL-6 first binds with low affinity to the IL-6 receptor (IL-  are commonly used to identify residues critical for activity.
6R) to form a binary complex which binds with high affinity  This is because mutation to alanine from any residue (other
to gp130, resulting in intracellular signaling)( The soluble than glycine) effectively trims the side chain beyond the
IL-6—1L-6R—gp130 complex is hexameri@,(9), but its p-carbon and is considered to be generally nonperturbing,
topology is not yet known. Both crystal and solution where the only effects on structure occur close to the site of

structures of IL-6 have been published recentl®, (11), mutation (5). However, the effect of mutation on structure
confirming that it is a foure-helix bundle with up-up— is not always predictable, and interpretation of the loss of
down—down topology. The crystal structure of the cytokine activity in mutant proteins can be misleading.

binding domain of gp130 has also been solved),(but as In this study, a series of aromatic to alanine mutants of a

variant of murine IL-6 which lacks 22 N-terminal residues,
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Health and Medical Research Council of Australia. these residues in the structure and function of miL-6. The
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acterization of proteins that are found to be inactive in  Spectroscopic MeasurementSluorescence data were
mutagenic scans before it can be assumed that the alteredollected on a Perkin-Elmer LS5 luminescence spectropho-

residues form part of active or binding sites. tometer using 0.5 cm path length cells at Z5and 5 nm
slit widths. For intrinsic fluorescence, the excitation wave-
MATERIALS AND METHODS length was 295 nm and the emission was monitored from

Construction, Expression, and Purificationsi22miL-6, ~ 330 to 370 nm. For ANS fluorescence, the excitation
Y78A, YO7A, and F173/&he generation cAN22mIL-6 has wavelength was 350 nm and the emission was monitored
been described previouslg®) Fragments encoding Y78A from 450 to 530 nm. Circular dichroism measurements were
Y97A, and F173A were generated by polymerase chain performed using an Aviv (Lakewood, NJ)_modeI 62DS CD
reaction (PCR) using the pUC8-derived plasmid poHP1B5B12 SPectrometer. All spectra are reported in terms of mean
(encoding mouse IL-6) as a template. Following restriction residue ellipticity Plwrw. Far-UV CD spectra were recorded
endonuclease treatment and agarose gel purification, thes&'Sing @ 0.1 cm path length cell with protein concentrations

fragments were used to replace corresponding nonmutated®’ 0-1 mg/mL, using an averaging time of 2 s, a bandwidth
AN22mIL-6 fragments for expression in pUCS. All con- of 1 nm, and a step size of 1 nm. Reported spectra are the
structs were verified by DNA sequencing using a model 2verage of three scans with baseline subtractions. Estimates

370A DNA sequencer (Applied Biosystems, Foster City, of secondary structural content were made using the reference
CA). spectra of ref_28 and a multilinear regression program
The proteins were expressed Escherichia coliand ~ (Prosec) supplied by Aviv. Near-UV spectra were recorded
purified from inclusion bodies as described previously for USing &1 cmpath length cell with protein concentrations of
mIL-6 (21). The six N-terminal residues of each protein (Thr, 1 Mg/mL, using an averaging time of 10 s, a bandwidth of
Met, lle, Thr, Asn, and Ser) are derived frgirgalactosidase ~ 0-> NM, and a step size of 0.2 nm. Reported spectra are
and the polylinker region of the pUC8 vector, with the Daseline corrected. _ _
remaining 162 residues corresponding to the sequence of Equilibrium Unfolding Experlmentyreg-lnduced unfold-
mIL-6 beginning with Thr22 Protein concentrations were "9 0f F173A andAN22mIL-6 was monitored by changes

determined by absorbance at 280 nm, where absorbancied! the far-UV CD signal at 222 nm or Trp fluorescentx
of 1.05 and 1.1 correspond to concentrations of 1 mg/mL as a function of urea concentration. The buffer that was used

for AN22mIL-6 and Y78A, Y97A, and F173A, respectively, consisted of 20 mM sodium acetate (pH 40), and protein
as determined by amino acid analysz) concentrations were 0.1 mg/mL. Samples were incubated at

Biological AssayThe hybridoma growth factor assay was 22 ~C for at least 30 min or at 37C for at least 15 min
performed as described previousl3(. Briefly, IL-6- prior to measurement, and readings were taken only When
dependent 7TD1 cells were incubated in a 96-well microtiter (€ Signal was stable. Alternate samples were measured in
plate (2000 cells/microwell), with serial dilutions of the test 2Sceénding and descending order, respectively, to avoid
samples in a total volume of 0.2 mL. Cell growth was systematic error. The reversibility of unfolding was deter-

evaluated after 4 days at 3C by measuring hexosaminidase Mined by diluting stock solutions of protein in 6 or 8 M
levels Q4). urea into lower concentrations of denaturant. Data were

Nuclear Magnetic Resonance (NMR) SpectroscBpynples analy;ed with eq 1, which assumes a two-state unfolding
for NMR were prepared by dissolving lyophilized protein transition and is based on equations by Santoro and Bolen
(usually 8-10 mg dry weight) in 50Q:L of either2H,0 or (29) and Clarke and Fersh8Q).

90% H0/10%°2H,0. 'H NMR spectra were recorded on a

Bruker AMX-600 spectrometer at a probe temperature of S (S~ @Dl +§, — b[D]) exp(A)J/[1 + exp@)] (1)
20°C. Solvent suppression was achieved by selective, low- )

power irradiation of the water resonance during the relaxation WhereA = m([D] — [D]s)/RT, Sis the measured property
delay (typically, 1.5-1.8 s) and, in NOESY experiments, of th(_a protein at a given dene}turant _(D) concentrattnis
also during the mixing time. All two-dimensional spectra (he signal of the native stat8, is the signal of the denatured
were recorded in the phase-sensitive mode using the time-State,mis the slope of the curve in the transition regiéh,
proportional phase incrementation method5)( Two- is the gas constant, afidis the absolute temperature, while
dimensional NOESY spectr&§, 27) were recorded witha @ and b are the slopes of the pre- and post-transition
mixing time of 140 ms. Typically, 4005001, increments ~ Paselines, respectively.

were acquired, with 160176 scans and 4K data points per ~ 1hermal unfolding experiments were performed by mea-
increment. Sweep widths were 7143 Hz for samples@H  Suring the far-UV CD signal at 222 nm (a protein concentra-
and 6757 Hz for samples fitl,0. One-dimensional spectra 1N of 01 mg/mL and a path length of 0.1 cm) and the near-
were acquired over 8K data points. Spectra were processed!V CD signal at 271 nm for F173A and at 281 nm for
and analyzed on Silicon Graphics workstations using XWIN- AN22mIL-6 (protein concentrations of 1.0 and 0.5 mg/mL,
NMR (version 1.3, from Bruker). Before Fourier transforma- 'espectively, and a path length of 1.0 cm). The rate of heating
tion, phase-shifted (5670°), sine-squared window functions ~ Was controlled by a peltier temperature controller in steps
were applied to two-dimensional spectra, and Lorentzian- ©f 2 or 5°C, with a signal integration time of 15 s.

to-Gaussian window functions were applied to one-dimen-  Sedimentation EquilibrigSedimentation experiments were
sional spectra. performed on a Beckmann XL-A analytical ultracentrifuge

equipped with absorption optics, using an An60-Ti rotor with
2 Numbering throughout the text is that based on the hIL-6 sequence cells 'co.ntalmlng . q“‘f"”z windows a.nd Epon centerpieces.
and the sequence alignment used in Simpson eBglThus, the first Equilibrium dlstr!butlons were a_qu_J'red at 16 000, 20 000,
residue in natural mIL-622) is Phe{3). and 30 000 rpm in 0.001 cm radial increments and averaged
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1.44 i Table 1: Midpoints of Urea-Induced Denaturation/ofi22mIL-6
and Mutant3
1.2 Q/{
T [ureakoed (M)
101 /<»> Vs protein detection method 25 37°C
e 08 ﬁ?/i/ AN22mIL-6  fluorescencelmax 4.6+ 0.1 46+0.1
€ 6 & /! far-Uvd CDzz. 46+0.1 45+0.3
8 ©/ / F173A fluorescencelmax 3.5+0.3 3.5+ 0.3
< 04 - far-UVd CDyz 26+01  26+0.3
2/ Y78A far-Uv® CD222 nm 4.46+ 0.05 -
02- ez A . Y97A far-UVCDyoonmn ~ 4.10+£0.05  —
— 5 — —
00{ e—=8=F ¢ n u = =" aSolutions were equilibrated for at leash prior to measurement.
02 : : : . The buffer used in all cases was 20 mM sodium acetate (pH 4.0). Protein
0.1 } 10 100 concentrations were 0.1 mg/mEMidpoints of urea denaturation
IL-6] pg/ml ([urealoy) Were obtained by fitting eq 1 to equilibrium unfolding data.

Ficure 1: The biological activity of F173A is dramatically reduced ° Fluorescence measurements were made using a path length of 0.5
over that of its parent proteitN22-mlIL-6. Varying concentrations cm and excitation and emission slit widths of 5 nm. An excitation
(0—100 pg/mL) of AN22mIL-6 (@), F173A @), Y78A (), and wavelength of 295 nm was used, and the emission wavelength
Y97A (<) were incubated with 7TD1 cells for 4 days at 32. maximum in the range 31870 nm was determined.The far-Uv

The extent of cell proliferation was assessed as described inCD signal at 222 nm was monitored using a path length of 0.1 cm and
Materials and Methods. The experiment was performed in triplicate the average of four measurements, each with a 10 s integration time.
and was corrected for cell growth in the absence of IL-6.

rather than at pH 7.4 (which lies close to the isoelectric point)
so the tendency to aggregate could be overcade 84).
i o " Far-UV CD and Trp fluorescence were used initially as
CA). The_partlal Sp.ec'f'c volume of F173A. (0.742 &) indicators of secondary and tertiary structure, respectively.
and solution densities were calculated using the program-—,. o Trp fluorescence emission intensity was slightly higher
SEPN,TERP 81). ) ) ) . for F173A, but the wavelength maximuminf,) of both
Limited ProteolysisProteins were subjected to proteolysis  gteins was 345 nm. Both proteins exhibit the characteristic
by pepsin and thermolysin (both from Boehringer Mannheim, ¢4 v CD spectra ofi-helical proteins with double minima
Mannheim, Germany) at the following enzyme:substrate 4 208 and 222 nm (Figure 2A). The slightly lower signal of
ratios: pepsin 1:100 at pH 2.0 and 1:10 at pH 4.0; £173A corresponds to an estimatedhelical content of 42%
thermolysin, 1:10 at pH 7.4 and 1:10 at pH 9. The buffers Compared with 59% foAN22mIL-6, 57% for Y78A, and
that were used were 20 mM glycine at pH 2.0, sodium acetatesgoy, for YO7A (Table 1). At 37°C, the temperature of the
at pH 4.0, and phosphate at pH 7.4 and 9.0. Identical yig|ogical assay and the helical contents of F173A and

concentrations (0.1 mg/mL) of F173A andN22mlIL-6 were AN22mIL-6 were essentially unchanged at 41 and 58%,
used to allow a direct comparison of their susceptibility to respectively.

proteolysis. Proteolysis was allowed to proceed for the The near-UV CD spectra ¢€N22mIL-6 and F173A were
indicated periods of time in triplicate samples, whereupon also compared (Figure 2B). WhilaN22mIL-6 exhibits a

aliquots were taken and the reactions stopped by the additionminimum at 281 nm and a maximum at 254 nm. which are
of N_aOH (final concentration of 50 mM) for pepsin. characteristic of mIL-6 34), these features are absent and
Duphcat_e samples of each ah_quot were analyzed by reVerSCreduced, respectively, for F173A. Because near-UV CD
phase high-performance liquid chromatography using a 2'1rep0rts on tertiary structure from contributions of the
mm x 100 mml_l?lzr)civ(\)/gl((;er Flz.P'.ldOO cr:]olumn (Appl;]edﬁloslys— aromatic residues, the loss of the signal in Figure 2B might
tems) on an. 'ql;' ¢ rom'at.ograpo ( ew'ett- be explained in part by the loss of a contributing Phe side
Packard) utilizing a TFA (0.1%)/acetonitrile (60%) gradient chain. However, this could only constitute a small fraction
1 0, H 0 ’
(buffer_A being 00'1/0 TFA, and buffer B be"ﬁg_ 60% of this signal loss as the protein contains a further nine
acetonitrile/0.089% TFA). The extent of proteolysis in each aromatic residues (two Phe, five Tyr, and two Trp residues).

aliquot was detgrmlned by the extent of dlsappe_arance of F173A Appears To Be Unfolded by NMR Spectroscopy.
the parent protein peak relative to the total protein content Hi . ; " .
igh-resolutiontH NMR spectroscopy is a sensitive monitor
(area under the curve) of the chromatogram. . . . :
of tertiary structure in proteins, and has been used previously
RESULTS with mIL-6 to identify interactions involving aromatic
residues 32, 35). The chemical shifts of the N-terminally
Biological Actwity. AN22mIL-6, Y78A, Y97A, and truncated mIL-6 used in this study are essentially identical
F173A were expressed and purified to homogeneity, and theirto those of Morton et al.17), emphasizing the insensitivity
biological activities were determined by a mitogenic assay of the bulk of the structure to deletion of the 22 N-terminal
on murine 7TD1 cells (Figure 1). Y97A is marginally more residues.
and Y78A marginally less active thaN22mIL-6, while For Y78A, the chemical shifts of most well-resolved
F173A is essentially devoid of activity, showing only a resonances are within 0.05 ppm of corresponding values in
minimal response at the highest concentration that was testedn|L-6 (Figure 3), indicating that the overall conformation
(100 pg/mL). of the protein is not significantly affected by substitution at
F173A Has Natie-like Secondary but a Reducedvkek this position. The spectrum of Y97A (Figure 3C) shows more
of Tertiary Structure.Detailed characterization of mIL-6  significant chemical shift differences from that of mIL-6 but
proteins was performed at pH 4.0, under low-salt conditions, is still consistent with a correctly folded structure. Indeed,

over 10 measurements, and then fitted using the program
WinNonLin, version 1.03 (Beckmann Instruments, Fullerton
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Ficure 2: Circular dichroism spectra @®N22mliL-6 and F173A at 25 and 3. (A) Far-UV CD spectra were recorded from 190 to 240

nm at 25 and 37C, using protein concentrations of 0.1 mg/mL and a path length of 1 mm, a step size of 1 nm, and an integration time

of 2 s. Spectra are the average of three scans with buffer baseline correction. The buffer used in all cases was 20 mM sodium acetate (pH
4.0). For both panelsAN22mIL-6 at 25°C (bold line) and 37C (dashed line) and F173A at 2& (solid line) and at 37C (dotted line).

(B) Near-UV CD spectra were recorded from 250 to 330 nm at 25 arfiC3Wsing protein concentrations of 1 mg/mL and a path length

of 10 mm, a step size of 0.2 nm, and an integration time of 10 s. All spectra are buffer baseline corrected and have been subjected to
adjacent averaging for increased clarity.

of W157, at 10.26 ppm in miL-6, has moved further

downfield.
A These relatively small chemical shift differences stand in
vB marked contrast to the spectrum of F173A (Figure 3D),
which lacks the chemical shift dispersion and fine structure
w157 ‘W34 YA characteristic of a folded protein. A two-dimensional NOESY

spectrum (not shown) confirms the lack of native-like tertiary
interactions in F173A, but the lack of peak dispersion makes
it impossible to ascertain if the sequential and medium-range
NOEs characteristic of residual helical structure are still
present.

The line widths in the one-dimensional spectrum of F173A
(Figure 3D) are broader than those in the other mutants.
Nevertheless, resolved resonances are still visible from the
Trp indole NH and His C(2)H protons (near 10 and 9 ppm,
respectively), indicating that the absence of upfield-shifted
peaks in the aliphatic region is not due simply to broad line
widths. Broad line widths can be an indication of aggregation.
To determine if this was the case for F173A, we recorded
one-dimensional spectra on a sample of F173A under
identical conditions but at 1 mg/mL (%M; data not shown),
where independent techniques (see below) have shown that
F173A does not aggregate. This spectrum was slightly
sharper than that shown in Figure 3D, but neither was as

aRaaanea o AAaaanas st sharp as those of the other mutants (recorded at the higher
10.0 9.0 8.0 7.0 6.0

(fFf

cxx

o8 o1 concentration used for Figure 3) or as sharp as one would
ppm expect for a random coil protein. The lack of dispersion was
FiGURE 3: One-dimensionatH NMR spectra of AN22mIL-6, still apparent. It is likely, therefore, that the broader line

Y78A, Y97A, and F173A: (AAN22mIL-6, (B) Y78A, (C) YI7A, widths in Figure 3D arise partly from aggregation and partly

and (D) F173A. Spectra were recorded at 600 MHz in 90%0H ; i i ;
10%2H,0 (pH 3.5, 20°C). Left-hand panels show the aromatic {:}O{Eig%r:ggi?]a“onal averaging on a millisecond time scale
| .

and amide regions, and right-hand panels show the upfield methy|
regions. Vertical scales are different in each case. The indole NH F173A Preferentially Binds ANS but Is Not Susceptible
res;)r;ances of Tdrp?"?hanotlhTrFI)lS? afre labeled. l_\fl_ote ihart]_tff;e Yt9h7A to ProteolysisThe molten globule stat&6) was originally
mutation caused eiltner e I0Sss of, or a signiticant snirt In e 1 i i i

position of, the C(3,5)H resonance of Tyr%. As the C(3,5)H defltn_ed thg?r:etlcallytas I)l;m_g on :he fo:;j_lr][g Ea:hway ?rj 6:" f
resonance of Y97A in hIL-6 occurs at almost exactly the same proteins, with properties being intermediate gween ato
chemical shift as that of TyrB in mIL-6, it may be concluded that the folded and unfolded states. The term is now more
TyrB in mIL-6 corresponds to Y97 and that the loss of this commonly used to describe partially folded proteins which
resonance in Y97A is a direct result of mutation. contain high levels of secondary structure and little tertiary
some shifts are in the direction of greater divergence from structure. Another indicator of such states is the ability to
random coil values; for example, the indole NH resonance bind the extrinsic hydrophobic fluorescence probe, ANS,
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£ 505 2000 F173A Lacks the Cooperag Unfolding ofAN22mIL-6.
£ 500J 8 o " z F173A and AN22mIL-6 were subjected to equilibrium
F 405 Lo e {15009 unfolding studies to determine their thermostabilities. Urea

490 s / 5 denaturation monitored by far-UV CD and Trp fluorescence
?é’ 485 a R 11000& emissionimax (Figure 6A,B) is reversible for both proteins,
§ 1 " O/ % as judged by the superimposition of unfolding and refolding
g 480+ Y 9L {500 ,‘.E curves, and data were essentially identical when the experi-
3 475 :7l:'<=;‘;;;ﬁ\ O o N ments were performed at 25 or 3. Equation 1 was fitted
@ 4704 8088 lo i to the combined data for unfolding and refolding at each
R temperature for each monitoring method, and the resultant

12 3 45 HG 7 8 9 10 values of [urea}y, are shown in Table 1. FGkN22mIL-6,
p

the unfolding curves of both monitoring methods have a

Ficure 4: Binding of ANS. Fluorescence of ANS (excitation

wavelength of 350 nm) in terms of wavelength maximum (left- ; T ; _
hand abscissa) BAN22mIL-6 () and F173A Q) and emission 0.1 M, suggesting that the unfolding is essentially two-state,

intensity at 345 nm (right-hand abscissa)A§22mIL-6 (@) and consistent with previous unfolding experiments on mliL-6

F173A @) as a function of pH. Protein concentrations were 0.1 (33). The unfolding curves of both monitoring methods for
mg/mL,; the path length was 5 mm, and slit widths were 5 nm. The F173A also exhibit monophasic unfolding transitions (Figure

buffers that were used were 20 mM glycine at pH 2.0, 2.5, and 6B), but they do not superimpose, the CD-monitored data
3.0, 20 mM acetate at pH 4.0, 5.0, and 6.0, and 20 mM phosphate

monophasic unfolding transition with a [ureg} of 4.6 +

at pH 7.0, 8.0, and 9.0. Measurements were performed 4€25

eliciting a dramatic blue shift of the intrinsinax 0f ANS

and a concomitant increase in its fluorescence emission
intensity. In the presence of F173A, ANS has a blue-shifte
Amax OVer the pH range 29 (Figure 4), but in the presence
of AN22mIL-6, this blue shift is only observed at or below
pH 4 with a markedly reduced (30%) emission intensity.
The expanded structure of a molten globule state might
be considered more susceptible to proteolytic cleavage. To
determine if this was the case for F173A, F173A and

yielding a [ureados, of 2.6 = 0.1 M and the fluorescence
Amax data yielding a [urea}, of 3.5+ 0.3 M. This suggests
that the unfolding of F173A is not cooperative, and that the

d protein is significantly less stable tha&iN22mIL-6. Because

the unfolding data for F173A had relatively short pretran-

sition baselines, which can affect results of fitting, these data
were additionally analyzed using both a fixed and a floated
(but nonsloping) pretransition baseline. In all cases, the
estimated [urea}, fell within the limits described above.

Y78A and Y97A were also subjected to urea-mediated

AN22mIL-6 were subjected to partial proteolysis (Figure 5). e_quilibrium denaturation, monitored only by the far-UV CD
At pH 4.0, there were no significant differences between the Signal at 222 nm, and the resultant values of [ugalere
mutant and parent protein in their susceptibility to pepsin at 0-14 and 0.5 M lower than that &fN22mIL-6 (Table 1).

25 and 37C. At pH 7.4, the two proteins exhibited a slightly

The Thermal Unfolding of both F173A akiN22mIL-6

larger difference in their susceptibility to thermolysin at 25 Is Noncooperatie. F173A and AN22mIL-6 were also
°C, with ~50% more proteolysis of F173A. Only at pH 2.0 subjected to thermal denaturation, being monitored by both
and 9.0 was F173A dramatically more susceptible to pepsinfar-UV CD (222 nm) and near-UV CD (271 nm for F173A

and thermolysin, respectively.

1

% Protein Undigested

00

and 281 nm foAN22mIL-6). These signals were monitored
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Ficure 5: Effect of pH on the limited proteolysis of F173A afxN22mIL-6. The limited proteolysis of F173A (black columns) and
AN22mIL-6 (gray columns) at 25C by (A) pepsin (1:100 enzyme-to-substrate ratio) in 20 mM glycine at pH 2, (B) pepsin (1:10 enzyme-

to-substrate ratio) in 20 mM sodium acetate at pH 4, (C) thermolysin (1:10 enzyme-to-substrate ratio) in 20 mM phosphate buffer at pH

7.4, and (D) thermolysin (1:10 enzyme-to-substrate ratio) in 20 mM phosphate buffer at pH 9. Also, F173A (striped colurNg2anid -6

(white columns) at 37C in 20 mM sodium acetate at pH 4. Protein concentrations were 0.1 mg/mL. Duplicate measurements on at least

two separate samples were made for each time point.
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Ficure 6: Equilibrium unfolding of F173A andAN22mIL-6. The
urea-induced equilibrium unfolding &N22mlL-6 (A) and F173A
(B) were monitored by the fraction of CD signal at 222 nm (left-
hand abscissa, black symbols) and by the emiskiggof intrinsic
Trp fluorescence in the range 31870 nm (right-hand abscissa,
white symbols). Unfolding at 25 (squares) and°&7(circles) and
refolding at 25 (diamonds) and 3T (triangles) are shown. The
lines shown are the fit of eq 1 to the combined unfolding and
refolding data at 25C for CD (—) and fluorescence-+). The
thermal unfolding ofAN22mIL-6 and F173A was monitored by
CD (C). Near-UV CD monitored unfolding aiN22mIL-6 at 281
nm (a) using 5°C heating increments. Far-UV CD monitored
unfolding at 222 nm for both F173 (circles) ankN22mIL-6
(squares) using both 5 (black symbols) anti2(white symbols)

40
F173A exhibited steady losses of signal intensity until 70
and 45°C, respectively. Beyond these temperatures, the
magnitude of the signal increases, apparently due to the
aggregation of the proteins at the 10-fold increase in protein
concentrations required for near-UV CD experiments. More
dilute solutions in longer path length cells could not be used
to overcome these problems for this experiment because the
larger sample volumes do not allow efficient heating.
Oligomerization and Aggregation States of F178Aen
the tendency of mIL-6 to aggregate under various conditions,
several observations, such as line broadening in NMR spectra
and protection against proteases, might have resulted from
heating increments. The protein concentrations were 1 mg/mL for the increased level of aggregation of F173A. To address this
the near-UV CD experiment and 0.1 mg/mL for far-UV experi- issue, the concentration dependence of fluorescence was
ments, with 20 mM sodium acetate buffer at pH 4.0 used in all assessed at pH 4.0 in 20 mM acetate buffer. No such
cases. dependence was observed over the concentration range
from 25 to 95°C at two different heating rates (Figure 6C). 0.01-1 mg/mL, nor were any changes observed for a 0.1
In all cases, the unfolding was not reversible, as judged by mg/mL solution of F173A over a time period of 24 h.
a reduced signal intensity on cooling (data not shown). When However, the addition of 150 mM NaCl resulted in a marked
the signal at 222 nm is monitoredN22mlL-6 exhibits a increase in fluorescence intensity and a concomitant blue
slow loss of signal until approximately P, after which it shift of Amax. The oligomerization state of F173A was also
appears to undergo a major unfolding transition (the midpoint assessed by sedimentation equilibrium analysis using a range
of denaturation cannot be determined accurately because af loading concentrations (011 mg/mL) in 20 mM sodium
post-transition baseline could not be achieved). In contrast,acetate (pH 4.0). The data fit best to a monorredimer
F173A exhibits only a slow loss of signal throughout the model (Figure 7) with an association constant of 2.90°
entire range of temperatures that were studied. When a fasteM 1. Recombinant hIL-6 tends to form a metastable dimer
rate of heating was used, the signal had a consistently lowerunder some conditions which is indistinguishable from the
magnitude, suggesting that the protein was more prone tohuman IL-6 monomer in many ways, including susceptibility
aggregation under these conditions. When thermal unfoldingto proteolytic cleavage3(). Thus, it seems unlikely that the
was monitored by the near-UV signahN22mIL-6 and low-affinity F173A monomer— dimer equilibrium affects
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the interpretation of our results. When the same experimentsstudy compared the proteolysis of different proteins, this
were performed in the presence of 150 mM NaCl, F173A study compared the susceptibility of two forms of the same
formed very large aggregates which sedimented at low protein that differ by only one residue, but where F173A is

speeds. molten globule-like. This resistance to proteolysis could
simply be a property pertaining to the foarhelix bundle
DISCUSSION topology of IL-6; however, previous studies of partially

Mutational methods for identifvi five sites of protei folded states showed that they were susceptible to proteolysis
utational methods for identifying active sites of proteins, at only one or two sites30). Thus, high levels of secondary

such as alaning scanning, often require that large .numpersstructure may be enough to confer a reasonable level of
of mutant proteins be produced and screened for biological proteolytic stability for other protein folds. Thus, although

and/or binding activities. It can be demanding in terms of limited proteolysis can be a powerful probe of structure, it

t|m$ gnd re_s,ogr]f:es_to produtce tthe lmllllglram qgarltmef ?f may not be a universal measure of native-like structure and
protein required for rigorous structural analyses. Fortunately, ¢, 0114 be used with care.

many biological assays require only small quantities of each The fluorescence data for F173A present apparently

protein, and equivalent activities are an excellent indicator contradictory views of the tertiary structure of this mutant.

that structural _integrity has been preserve_d in mutant_proteins.On one hand, although the tryptophan fluorescence of F173A
However, while the absence or reduction of activity may is native-like, both near-UV and NMR data clearly show

indicate that an active site residue has bgen identified, it couIdthat the protein lacks the well-defined tertiary structure of
also mean that the structure of the protein has been perturbedthe parent protein. On the other hand, the midpoint of

evenin t(;\e czse of m“‘a“%f‘s to alanine, which are genera"yunfolding detected by far-UV CD precedes that obtained by
assumg to be nonpertur '”_9- ) ) fluorescence. If fluorescence were a good probe of tertiary

In this study, two aromatic to alanine mutations were grycture, then this second observation suggests that the loss
shown to have very little effect on the activity AN22mIL- ot secondary structure precedes the loss of tertiary structure,
6, and the subsequent characterization of these proteinsynich runs counter to commonly accepted mechanisms of
confirmed that they were native-like. In contrast, the mutation protein denaturation. However, the first observation, that
of a single phenylalanine residue at position 173 resulted in 5tive-like levels of fluorescence are observed in the absence
the loss of biological activity, initially suggesting that Phe173 (o 4t least vastly reduced levels) of tertiary structure, points
might play a role in the formation of the mIL-8L-6R— to the fact that tryptophan fluorescence is not a good indicator
gp130 complex. We have shown, however, that, although of giobal tertiary structure for F173A. In miL-6, Trp
this possibility could not be fully discounted, structural §,orescence at pH 4.0 stems mainly from Trp157, with little
perturbatio_n_of F173A is a much more likely cause of this -ontribution from Trp34, which is quenched below pH 7 by
loss of activity. the charged side chain of His337. It is not practical to

Far-UV CD and intrinsic tryptophan fluorescence, which further probe the unfolding of any residual tertiary structure
are commonly used as probes of secondary and tertiaryin F173A by near-UV CD because of the weak signals
structure, respectively, and which require comparatively low observed using this technique.
quantities of protein, suggested that F173A was native-like.  Thus, it appears that the unfolding transitions of F173A
It was only the use of more discriminating probes of tertiary must relate to the unfolding of the-helices and some
structure, specifically near-UV CD antéH NMR, that residual tertiary contacts in the vicinity of the Trp residues,
revealed a lack of tertiary structure in this protein. These which must be quite stable despite a dramatic reduction in
spectral properties, and several other characteristics, such aghe level of tertiary structure. This was also observed for
an enhanced ability to bind ANS, noncooperative unfolding, partially unfolded disulfide-modified variants of mIL-84).
and an enhanced tendency to aggregate at concentrations gt should also be noted that the unfolding AN22mIL-6
>1 mg/mL, all suggest that F173A is molten globule-like. may also hinge on the stability of the-helical structure.
To date, there are relatively few reports of single mutations Thermally unfolded AN22mIL-6 exhibits an unfolding
causing the formation of molten globule states, although onetransition above 70C by far-UV CD but a gradual loss of
notable exception is bovine pancreatic phospholipaséA  signal by near-UV CD to near baseline levels at@0These
which many different mutations induce molten globule-like data suggest that the tertiary structure of miL-6 is marginally
states 88, and references therein). The number of proteins stable, but that the four-helix bundle structure, even if
for which this is true, however, is likely to increase as more imperfectly packed or molten globule-like, is very thermo-
mutant proteins are characterized structurally. stable.

Because proteases only cleave flexible regions of polypep- This may also be the case for several other fatrelix
tide chains, loosened conformations should be more pronebundle cytokines. Several members of this family are
to proteolytic attack. Indeed, this is a method which has beendomain-swapped, a process which is thought to occur when
used to probe the structure of partially folded sta8% &nd, proteins are partially unfolded but maintain high levels of
in combination with bacteriophage systems, to select stablesecondary structure4®). For example, hiL-6 undergoes
proteins 40). However, at pH 4.0, where F173A is molten dimer dissociation at low levels of denaturant but where it
globule-like, it is no more susceptible to proteolysis than its maintains native-like levels of helix3f). Granulocyte
parent protein. This confirms observations made by De colony-stimulating factor appears to unfold partially at low
Filippis et al. 1), who proposed that the molten globule- pH, but maintains a high level of secondary structu®).(
like state of an hlL-6 variant, lacking 22 N-terminal residues Having marginally stable tertiary structure but a stable global
and one of two disulfide bonds due to the double mutation fold may be important in terms of protein evolution for this
C44S/C50S, was protease resistant at low pH. Where thatclass of structurally and functionally related cytokines, which
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Ficure 8: Position of Phel73 and residues with which it makes
NOE contact. The side chain of Phel73 is colored yellow, while
the side chains of Cys83, 11e87, Gly90, and Phe94 are colored green
The side chains of Tyr97 and Tyr78 (Phe78 in human IL-6) are
colored red. The structure was created using MolMol from
coordinates of the solution structure of human IL-6 [PDB file 2il6

(1D)].

comprises a number of different subgroups. Many locally
destabilizing amino acid substitutions could be tolerated
because of the thermodynamic and proteolytic stability of
the overall helical fold. It should be noted, however, that
tertiary structure within this fold can be very stable. For
example, leukemia inhibitory factor maintains its tertiary
structure over a wide range of pH and temperature conditions
and exhibits very slow amide exchangi{-46).

The molten globule-like properties of F173A were deter-
mined in vitro on the isolated protein. It is possible that
binding to the IL-6 receptor might induce a more stable (and
less molten globule-like) structure in this mutant protein and
that Phel73 could still play an important role in activity.
However, inspection of the high-resolution structure of hiL-6
(10, 11) suggests that possibility is unlikely as Phel73

appears to be a key structural residue, rather than a potential

binding site. Phe173 is fully conserved in 15 mammalian
species as well as in a viral homologue of IL4/), and
many of the residues with which it makes contact are highly
conserved. Phel73 lies in helix D and makes interhelical
nuclear Overhauser effect (NOE) contacts with four residues
in helix B, Cys83, 1le87, Gly90, and Phe94 (Figure28).
Mutation to alanine is likely to remove one or more

Biochemistry, Vol. 39, No. 8, 200Q.949

interactions that are critical for the packing of helices B and
D, and therefore for stabilizing tertiary structure in general.

In contrast, Tyr97, which is located on helix B and also
plays a role in the packing of helices B and D, appears to be
involved in fewer interactions. Tyr78, which is located in
loop B—C, does not appear to make significant interactions
with the rest of the protein. Consequently, mutation to alanine
at these positions merely has the effect of slightly destabiliz-
ing the protein without disrupting the overall tertiary
structure.

A previous study on the same F173A mutation in hiL-6
(F173AhIL-6) showed that this protein contained high levels
of a-helix and was recognized by a neutralizing IL-6
antibody, but had reduced levels of IL-6 receptor binding
(as determined by cell-binding experiments), and very low
levels of biological activity 48). As such, Phel73 was
interpreted as forming part of receptor binding site 1, which
binds to the IL-6R and comprises residues in loop B\
the N-terminus of helix B, and the C-terminus of helix D.
In light of our results for mIL-6, it seems more likely that
F173AhIL-6 has structural perturbations similar to that of
F173A. Several other mutations in this region which resulted
in the loss of activity of hiL-649, 50) but involved residues
that are not solvent-exposed may also cause structural
perturbations. To our knowledge, the structures of these
mutant proteins have not been fully characterized.

In conclusion, it can been seen that the single mutation
F173A in mIL-6 results in the loss of biological activity in
the protein. This loss of activity is interpreted as resulting
from a global disruption of the tertiary structure of the
protein, and not from the substitution of an important residue
in receptor binding site 1. While the fine structure of the
protein has been lost, high levels of secondary structure are

maintained and the conformation resembles that of a molten

globule which is resistant to proteolysis.
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