[

/

1\

=y

Supporting Information

Mallam et al. 10.1073/pnas.0912161107

SI Text

Supporting Materials and Methods. Creation of circularized species.
The terminal cysteine mutants of YibK and YbeA in their linear
reduced form, YibK$H and YbeASH, respectively, were shown to
have the same structural and functional properties as the wild-
type proteins: they are homodimeric as determined by analytical
size-exclusion chromatography (SEC), contain the correct sec-
ondary structure as shown by far-ultraviolet circular dichroism
(far-UV CD) spectra and have similar binding affinities for
the methyltransferase cofactor S-adenosylhomocysteine
(AdoHcy) (Fig. 2). YibK$H and YbeASH were fully reduced
[5 mM tris(2-carboxyethyl) phosphine (TCEP)] in either native
[50 mM Tris-HCI (pH 7.5), 200 mM KCl, 10% (vol/vol) glycerol]
or denaturing [0.1 M Tris-HCI (pH 8.0), 6 M GdmCl] conditions.
The reducing agent was then removed by buffer exchange using a
HiPrep 26/10 desalting column (GE Healthcare), and the pro-
teins were left to oxidize at 25 or 4 °C (to minimize aggregation)
for denaturing and native conditions, respectively. The progress
of disulfide-bond formation was monitored by the addition
of 5,5'-dithio-bis(2-nitrobenzoic acid) in the presence of 6 M
GdmCl, 0.1 M Tris-HCI (pH 8.0), 1 mM EDTA, and measure-
ment of absorption at 412 nm, otherwise known as Ellman’s assay
(1). For both conditions, approximately half of the free thiols
react within 10 min, followed by a slower disappearance of the
remaining sulfhydryl groups. These observed rates of disulfide-
bond formation are consistent with faster formation of circular-
ized monomeric molecules and dimeric species with a single
disulfide bond, followed by a slower intra- and intermolecular
oxidation of these dimeric molecules with remaining free thiols.
This model is supported by analysis of the oligomeric species pre-
sent immediately after the reducing agent is removed, and the
observation of an approximately equal ratio of monomeric to
oligomeric disulfide-bonded species after oxidation is complete.
We have considered the possibility that oxidation can occur in
transiently folded species even under highly denaturing condi-
tions. The presence of 6 M GdmCI shifts the folded-unfolded
equilibrium far in favor of the denatured protein. Although
partially folded species can be transiently populated, analysis
of unfolding and refolding rate constants of YibK$H and
YbeASH demonstrates that such species are rare and very short
lived. The observed rate of disulfide-bond formation and the ratio
of monomeric: oligomeric species formed strongly suggests that
the majority of molecules are circularized in their fully denatured
states. When the assay indicated that there were no free sulfhy-
dryls remaining in solution, monomeric and multimeric disulfide-
bonded species were separated using denaturing analytical size-
exclusion chromatography with a Superdex 75 10/300 column
(GE Healthcare) in 8 M urea, 50 mM Tris-HCI (pH 7.5),
200 mM KCl, 10% (vol/vol) glycerol. In addition, this step
allowed the circularized proteins to be buffer exchanged into
an appropriate urea denaturant for subsequent biophysical char-
acterization. The presence of isolated monomeric circularized
protein was verified by mass spectrometry before and after
treatment with iodoacetamide, and using the Measure-iT thiol
assay kit (Invitrogen). Both techniques confirmed the complete
absence of free thiols.

Protein characterization. Experiments on circularized proteins un-
der nonreducing conditions were carried out in 50 mM Tris-HCI
(pH 7.5), 200 mM KCl, 10% (vol/vol) glycerol. Experiments in
reducing conditions were undertaken in the same buffer but with
the addition of 10 mM DTT, except for isothermal titration
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calorimetry (ITC) experiments where 1 mM TCEP was used.
The presence of DTT does not affect the fluorescence signal
or the kinetic folding rate constants of the wild-type proteins.
The shape of ITC binding isotherms is dependent upon the con-
centrations of ligand and protein used in the experiment (2); ITC
experiments were therefore performed at approximately the
same concentration of protein to allow for a more accurate com-
parison. Analysis of urea denaturation profiles was performed as
previously described (3). In these experiments, the change in
average emission wavelength was used to monitor unfolding. This
ensured that a global unfolding event was measured and reduced
the signal-to-noise ratio in the unfolding transition. A global
analysis of the kinetic traces for each protein was undertaken with
refolding or unfolding kinetic transients at different concentra-
tions of urea for each observable phase considered together
and fit to a single equation (4, 5). This assumes a linear depen-
dence of the natural logarithm of the folding and unfolding rate
constants on urea concentration (6, 7), an assumption shown to
be valid by analysis of separate refolding traces that display no
obvious rollover. The exponential reaction for each observable
phase at different concentrations of urea outside the transition
region was globally fit to

Y(t) = Y ative + Y exp(_kobst)’ [S1]

where kys is equal to k?zoexp(—mkf[urea}) or kik©
exp(my, [urea]) for refolding and unfolding reactions, respec-
tively, and Y, is the corresponding fluorescence amplitude
change. The parameters k? 29 and k-9, the refolding and unfold-
ing rate constants in the absence of denaturant, respectively, and
my, and my, values, a measure of the response of the folding or
unfolding rate constants to changing urea concentration,
respectively, for each phase were shared throughout all datasets.
Chevron plots were constructed using the equation (8)

Inkgyys = ln(k;'Izo exp(—ny, [urea]) + KEe0 exp(my, [urea])). [2]

For both wild-type YibK and YbeA, the kinetic phase assigned to
the slow dimerization reaction appears protein concentration
independent at pH 7.5 (5, 9). The data fit well to a first-order
reaction and we do not observe protein concentration-depen-
dent, second-order kinetics. We observed similar first-order
kinetics for the mutants studied here. The kinetic step for the
dimerization of YibK was assigned previously by performing
kinetic experiments under conditions where the protein starts
to populate a monomeric state (e.g., low pH) and was further
verified by kinetic analysis of the folding of monomeric mutants
(10). In an earlier study on YibK, we proposed that, at pH 7.5,
dimerization is limited by a conformational change rather than a
collision event and therefore becomes a first-order reaction (9).
The dimerization step for YbeA was assigned using interrupted
refolding experiments and by analysis of m values (5). In con-
trast to previous studies, here we have calculated the change
in free energy associated with the dimerization of YibK and
YbeA by assuming that it is rate-limited by a first-order process
(Table S3).

To investigate the effect of the equilibration time and tempera-
ture of the denatured state on the refolding efficiencies of
wild-type YibK and YbeA, samples of denatured protein
[0.1 M Tris-HCI (pH 8.0), 6 M GdmCl, 5 mM TCEP] were incu-
bated at temperatures ranging from 25 to 90 °C for durations of 3
to 96 h. Samples were then cooled to room temperature, fully
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reduced by the addition of DTT (5 mM) and refolded by buffer
exchange or dilution to refolding conditions [S0 mM Tris-HCl
(pH 7.5), 200 mM KCl, 10% (vol/vol) glycerol, 1 mM TCEP].
The refolding efficiency was assessed by quantifying the presence
of native secondary, tertiary, and quaternary structure measured
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Fig.S1. Global analysis of the refolding and unfolding fluorescence kinetic data for linear and circularized YibK3!H. Data were acquired at 1-uM protein using a
combination of a stopped-flow apparatus and a fluorescence spectrometer. Solid black lines represent the global fit of the data to Eq. 1. (A) Single-jump
refolding transients (~0.5-3.4 M final concentration of urea, red to blue). (B) Interrupted refolding transients (~6.8-4.1 M final concentration of urea,
red to blue). During these experiments the protein was allowed to refold for various delay times to populate intermediate states. Unfolding was then initiated
and the change in fluorescence monitored. (C) Single-jump unfolding transients (~7.1-3.6 M final concentration of urea, red to blue).
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Fig. S2. Global analysis of the refolding and unfolding fluorescence kinetic data for linear and circularized YbeAg!]. Data were acquired at 1-uM protein using
a combination of a stopped-flow apparatus and a fluorescence spectrometer. Solid black lines represent the global fit of the data to Eq. 1. (4) Single-jump
refolding transients (~0.3-1.8 M final concentration of urea, red to blue). (B) Single-jump unfolding transients (~7.2-1.8 M final concentration of urea, red to
blue).
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Fig. S3. The effect of the denatured-state equilibration time and temperature on the refolding efficiencies of wild-type YibK and YbeA. The ability of wild-
type YibK (Left) and YbeA (Right) to refold to their native dimeric structures was assessed by (A) analytical size-exclusion chromatography, (B) far-uv CD, and
(C) fluorescence spectra as probes of quaternary, secondary, and tertiary protein structure, respectively. Data are shown for refolded samples that were in-
cubated in 6 M GdmCl at 25 °C and 37 °C for 0 h (solid black), 3 h (red), 6 h (orange), 9 h (yellow), 24 h (cyan), and 96 h (blue). The expected elution volume of
dimeric YibK and YbeA in A is 10.6 mL. Spectra for unfolded proteins in 6 M GdmCl are included in B and C for comparison (far-UV CD, open black circles;
fluorescence, black dashed line).
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Table S1. Thermodynamic parameters for the binding of AdoHcy to linear and
circularized knotted proteins

[

Protein Binding stoichiometry, [AdoHcy]/[protein] Kq, pM AGy, kcal mol~!
YibK proteins
YibK wild type 0.63 20 + 2.0 -6.4 = 0.1
Yingﬂ 0.5* 74 + 2.2 -5.6 = 0.1
YibKre 0.5 71+ 26 —5.7 0.1
YibKa‘;1 0.5* 59 +23 -5.8 + 0.1
YbeA proteins
YbeA wild type 0.17 £ 0.06 25+03 -7.6 £ 0.1
YbeAEH 0.19 + 0.03 24 +0.2 -7.7 = 0.1
YbeAgr 0.17 + 0.04 1.6 £0.2 -7.9£0.1
" YbeAgre 0.23 = 0.02 0.6 +0.1 -8.5% 0.1

=y

ITC data were analyzed using Origin, version 7, and the errors quoted are the standard errors
calculated by the fitting program. Conditions: 50 mM Tris-HCl (pH 7.5), 200 mM KCl, 10%
glycerol, 25°C. 1 mM TCEP was added to the buffer for linear proteins. Concentration of protein
in the ITC cell varied between 16-25 pM for YibK proteins and 5-6 pM for YbeA proteins. The
free energy of binding was calculated using AG, = —RTIn(1/Ky).

*Indicates that the binding stoichiometry was fixed to 0.5, the value calculated previously for wild-
type YibK (10), as suggested by Turnbull and Daranas (2) to allow a more accurate determination of
the value of Ky, and hence AG,, in low affinity systems. This analysis assumes that all the protein is
correctly folded and active, although the calculated values for K4 do not change significantly if the
concentration of protein is varied +15%.

Table S2. Characteristics of equilibrium
denaturation profiles for linear and circularized
knotted proteins at 1 1M calculated from a fit of
the data to a two-state dimer denaturation model

Protein [Dlsgss (M) mypp, kealmol=' M-'
YibK proteins

YibK wild type 4.8 +0.01 4.4 +0.10
Yingﬂ 3.2 £ 0.01 2.8 £ 0.06
YibKeire 3.6 + 0.02 2.1 +0.05
YibKgre 33 0.02 2.0 +0.08
YbeA proteins

YbeA wild type 2.7 + 0.01 3.9 £ 0.01
YbeA! 1.2+ 0.01 23+ 0.05
YbeAdr 1.4 +0.04 0.87 + 0.03
YbeASrS 1.4 + 0.06 0.75 + 0.03

Parameters are quoted with their standard errors. Urea
denaturation profiles were analyzed as previously
described (3). [D]sgy, is the midpoint of the unfolding
transition and m,, is the apparent m value, a measure
of the slope of the transition. In dimer systems such as
YibK and YbeA, that actually unfold under equilibrium
conditions with a three-state mechanism involving a
monomeric intermediate, m,,, depends upon the
concentration of protein and is therefore not equal to
My,o20 (3, 5). This analysis assumes that all protein
molecules are able to correctly refold.

Mallam et al. www.pnas.org/cgi/doi/10.1073/pnas.0912161107 6 of 7


http://www.pnas.org/cgi/doi/10.1073/pnas.0912161107

*(11) eaJe adepIns 3|qIssadde JUSA|OS O BINSOdXd PISEaIdU] Ue SIAJOAUI d1eIPAWIdIUI
SIY} JO uonewlso) 3y} ‘suidlold 3say) Joy ‘1eyy s1sabbns syl “suidloud MQIA paziendId dYyl Jo dseyd Bulp|ojas MO|S Y} IO PIe|Nd|ed sem anjen Yw aailebau v abueyd [BUOIIBWIOLIOD
19pio-sily e AQ paywi| 2jes aq o} sieadde UONEIDOSSE ‘SUOILIPUOD |euBwLIRdX® By} JBpUN ‘esnedaq uoiezuBWIP Yum pajeposse OgHoy ani ayy jo uonejussaidaiispun ue aq o}
AjY1| s1 pajejndjed anjeA ayj "dals uonezuawip siyl Huunp sindo eyl Huip|oj pue uoneosse dAIeI2do0d ay) JO SUOIINGLIIUOD d11abuauad d1eiedas Y} 9INJOAUOISP 01 }NDIYIP SI U eyl ajou
0} juepodwi si 3 ‘ssadoud Jsplo-1siiy B Buiwnsse aiay pale|ndjed usaq sey abueyd Aljiqels syl ‘(spoyiapy pue sjelidepy |s 99s aseald) gz Hd 1e Juspuadapul uoliesjuaduod-uldlod pue JapJio
15114 sieadde aseyd siy3 ‘suiajoid adAy-pjim y10q Joj 9dUIS USASMOH "JUBRISUOD 3leJ Bulp|ofas JapIo-puodas Juaiedde ue Buisn Pale|nd|jed Sem UOIDEAI UOIIRZIIBWIP MO|s AISA 3Y} YLM pajleosse
Ajigers ur abueyd ay1 'yagA pue NqIA uo salpnis snoinaid ul (VeI = o oy ‘uisioid duawip ayr yum pajenosse abueyd ABiaua-aal) (2101 YL ot/ oelUl 14— = OHoy
Mw + Mw = Yw pioys 003 S| wie Buipjoyal ayy se fresnxe jo sai6ap Alopeysiies e 0} PauIWIaIBP 9q 10U PNod sulsioid YOQA PazIB[NdD PUB Jeaul| Joj SeN|eA W Y3 1yl S31edIpUly
"AloApadsal ‘sanjea w Buipjosun pue Buip|oyas d3aumy ayy ase “w pue Yw
J9PJO 15114 || DB pUE JURINJBUSP JO 3dUISAE dY) Ul ‘A]aAIIadsal ‘Buip|ojun pue Buip|oja. 10} SLUBISUOD d1el YL dJe .1y pue oﬂ« (6 'S 'v) paqusap Ajsnoiaaid uaaq sey ‘pasn suonenba ayy buipnpul
‘sisAjeue 139Uy 93 Jo uondLISIpP P3|ILIBP V "% 0L—L US9MIa] aJe INg ‘A11Ie|d JO 3 ES 31 JOJ UMOYS U3 10U dARY SI0LID {(94eMPOS pedydesD) {7 UOISIDA ‘Wslid Ylm paw.oylad sem sishjeue ereq

8V 'l 0l vL0 *62°0 LOLXEG  0LXS6 SIBVR0A
8'€ zL0 8£°0 890 %010 0LX9Z 0LX/8 YRV )N
rard 190 9g'L ¥9°0 *TL0 OLX9L  OLXSY HevegA
9ZL g€ 4 LL0 190 OLXTL  OLXLy  2dApimysagA N < Iz Mofs Aidp
— 0l 990 90 x0Z°0 OLXEY  OLXLE SIbV0A
— ral} 190 S0 x0L°0 OLXSY  0LXLE 1oVeaA
— S0 290 wo x0Z°0 OLX9Y  0LX1L Hevega
— 8T [Tl L0 98°0 0L X8l 0Z'0 adfy pjim yagA | < % mols
Sul9101d YogqA
zsl v'e L60 ¥9°0 €0 0LX0T (0LXS9 SIENAIA
oLl 6l 290 £5°0 60°0 0LX08 (OLX61 BoMAIA
vEl L'E ¥6°0 89'0 920 OLX8L OLXLE HENTSIP
867 €9 4N 0,0 wo OLXYE  OLxeL  3dApimMgIA  IN < ¢z mols Aiap
— €0 z1o 820 910— OLX0L L0LXTL SIOATIA
— v'0— 900 LT0 120- OLX0L  0LX¥'S LoMaAIA
— z0- 90 v1°0 ZE0 OLXEL  0LX0L HENLCTIN
— o€ 640 LT°0 Zs°0 OLX9S  0LXS6  9dAPIM MNGIA ¢l < ol ¢l < 1 MOIS
— 9l Ly0 £1°0 vE0 9g0 S'S SIENAIA
— Ll 050 S0 GE0 6€0 1L LR LS IVN
— rard 640 610 090 [1°0 A HENTSIPN
— LT €L°0 110 790 Lo ol maaaw__; MAIA 71 < .a 1se4
— €z 990 820 80 50 14 SATIA
— €7 oro 970 v1°0 9.0 o€ LodMaAIA
— 9l vL0 €10 190 LT % HEN[SIPN
— 6T €60 Z40) 69°0 09°0 18 adfy piim MaiA || < asey Aiap
suiajoud HqIA
1-IOW B “po QDY jowjedy ‘DY L jow o> “Pw N _jow e Pw N jow ey Tw sty sy u19104d aseyq

suiaoid payjouy] pazue|ndip pue Jeaul| Joy sid)sweded Buipjoy dnauUy "€S d|qeL

7 of 7

www.pnas.org/cgi/doi/10.1073/pnas.0912161107

Mallam et al.


http://www.pnas.org/cgi/doi/10.1073/pnas.0912161107

