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I. Extended Description of Materials and Methods

Sample ‘Prepara'tion. All NMR measurements were performed with 6 mM solutions of .
recrystallized BPTI (Sigma-Aldrich Co., MO; Cat. No. T 0256) at pH = 3.5 (for measurements in
D,0, the uncorrected electrode reading was used to adjust pD). This pH was previously chosen

for the high-quality NMR solution structure determination of BPTL "

Four NMR samples were
prepared for the present study. “sample I’: with 90% H,0/ 10% D,0O as the solvent using a 5 mm
NMR tube (Wilmad, NJ; Cat. No. 528); “sample IT’: with D50 as the solvent using a 5 mm NMR
tube (Wilmad, NJ ; Cat. No. 528); “sample c1.7”: with D,O as the solvent using three 1.7 mm é.d.
glass capillary tubes? (Wilmad, NJ; Cat. No. 1365-1.7); “sample ¢1.0”: with D50 as the solvent

~ using ten 1.0 mm o.d. glass capillary tubes (Wilmad, NJ; Cat. No. 1365-1.0). The capilléries for
samples c1.7 and c1.0 were placed within a regular 5 mm NMR tube for measurements.” The
resulting “filling factors”, i.e., the volume filled with protein solution within the region assessed
by the detection coil of the probe when compared with samples I and II, were, respectively, 0.41
and 0.28 for samples c1.0 and c¢1.7.

NMR Spectroscopy. NMR experiments were (i) recorded on Varian Inova 750 or Inova 600
spectrome‘ters equipped with newest 'genefation 1H{”C,ISN} probes, (i1) processed using the
program PROSA,'® and (ii1) analyzed using the program XEASY."7 Sample temperatures in the
spectrometers were calibrated using the ]H resonances of methanol that was ﬁiled in the same 5
mm, 1.7 mm or 10 mm tube arrangements as described above. Supercooling of NMR samples
was monitored as described,? and 1D 'H-NMR spectra were recorded at temperatures between T
=36 °C and -16 °C with 7.,,, = 70 ms.

Eight 2D ['H,'H)-NOESY spectra!® were recorded with a mixing time, Ty, of 40 ms at 750

MHz 'H spectrometer frequency and at T (sample) = -15 °C (¢1.0), -13 °C (c1.7), -11 °C (c1.7), -
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9 °C (c1.7), -7 °C (c1.7), -5 °C (c1.7), -3 °C (c1.7) and 36 °C (c1.7). Between 256 (-15 °C) and
384 (36 °C) complex points were acquired_along t;, and between 425 (-15 °C) and 768 (36 °C)
complex points were sampled along ¢,. The corresponding maximal evolution times were:. Hmax =
34 ms (-15 °C) and tlmlax =52 ms (36 °C), and f5,,,x = 38 ms (-15 °C) and #),,, = 85 ms (36 °C).

For sequential re’sonance' assignmeﬁt, an additional NOESY spectrum (Tp;x = 100 ms) was
recorded for sample 1 (i.e.? with 90% H,0/ 10% D50 as the solvent) at T = -6 °C with 450(z)) x
512(ty) complex points (f1ax = 33 ms and fo,., = 65 ms). To allow for a direct comparison of
relative cross peak intensities at the two temperatures 7 = -15 and 7 = 36 °C, two NOESY spectra
were recorded in 18 and 36 hours, respectively, at 600 MHz for which T, was scaled with l/*cc,b
where T. represents the correla.tion time for the overall rotational tumbling of BPTI (Figure 2).
T(-15 °C) ~ 12.5 ns and 1¢(36 °C) ~ 3 ns yielded 1y, (-15 °C) = 15 ms and Tix(36 °C) = 70 ms,
respectively. 300(z;) x 400(z;) complex points (£, = 42 ms and £, = 55 ms), and 400(z;) x
512(ty) complex points (f{ax = 35 ms and fo ., = 71 me) were acquired at -15 °C and 36 °C, |
respectively. Prior to Fourier Transformation, the data were multiplied with a cosine function
shifted by 15 degrees. The digital reeolution after zero-filling was typically around 5 Hz/pt. along
®; and 0.6. Hz/pt. along ®,. The total measurement time for recording the NOESY spectra was
241 hours.

Three 2D ['H,'H]-TOCSY spectralo (sample'c] .0; spin-lock r.f. field strength: 10 kHz) were
recorded at a 'H spectrometer frequency of 600 MHz and at T (sample) = -14.5 °C (c1.0) with
Tinix =‘38 ms, and at 7 (c1.0) = -7.5 °C with T, =‘38 ms or 55 ms. 256 (¢;) x 400 (¢,) complex
points (f1 ¢ = 39 ms and fy,,, = 61 ms) were acquired. Prior to Fourier Transformation, the data

were multiplied with a cosine function shifted by 20 degrees. The digital resolution after zero-

filling was 3.2 Hz/pt. along ®; and ,. The total measurement time was 24 hours.
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Eight series of three or four cross relaxation suppressed 2D ['H,'H)-EXSY spectra18 were
recorded, if not indicated otherwise, at 600 MHz 'H spectrometer frequency at 7 (sample) =-16.5
°C (c1.0), -14.5 °C (c1.0), -12.5 °C (c1.0), -9.5 °C (c1.7, 750 MHz),.-9.5 °C (c1.0), -7.5 °C
(cl.0), —5.5‘ °C (c1.0), and -3.5 °C (cl1.0). Between 150 (-16.5 °C) and 256 (-3.5 °C) complex
points were acquired aloﬁg #) and between 300 (-16.5 °C) and 512 (-3.5 °C) complex points were
sampled along t, With £}, = 14 ms (-16.5 °C) and t;,,, = 24.0 ms (-3.5 °C), and f,, = 38 ms
(-16.5 °C) and typ, = 56.8 ms (-3.5 °C). For each temperature, spectra with three or four
different mixing times wefe recorded (10, 20, 30,40 ms at T = -3.5, -5.5, -7.5, -9.5, -12.5; 20, 30,
45 ms at T=-13.5; 10, 20, 35 ms at T = -16.5, respectively). Prior to Fourier Transformation, the
data were multiplied with a cosine function shifted by 10 degrees. The digital resolution after
zero-filling was 4.4 Hz/pt. along both ®; and ®,. The total measurement time for recording the
EXSY spectra was 192 hours.

2D [13C,1H]-HSQC spf:ctra10 were recorded with a ]H-spectrometer frcquency of 750 MHi
at T (sample) = -6 °C (II) and 25 °C (II). 51(¢;) x 512 (t,) complex points were acquired, with
timax (°C) = 9.0 ms and 'thax ('H) = 56.8 ms. Prior to Fourier Transformation, the data were
multiplied by a cosine window shifted by 20 degrees. The digital resolution after zero-filling was
11.1 Hz/pt. along ®; and 4.4 Hz/pt. along @,. The total measurement time to record the two
spectra was 48 hours.

‘Data Analysis. All linear regression analyses were performed with the program SigmaPlot

~ 4.0. The flipping rate, kg;p,, of Phe 45 of BPTI was determined from both the 2D ['H,'HJ-EXSY!8
and the 2D ['H,'H]-NOESY spcctra.10 In order to extract kg, from EXSY with varying mixing
times, the relation In[-2Ve/(Ve+Vp) + 1] = —2kgin Thix (eq. 1) was fitted by linear regression

(which allows calculation of standard deviations from analytical expressions) to the experimental
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data, where Vp and V- represent the diagonal and cross peak volumes, respectively. Although the
T ,-relaxation times of the aromatic Ige/d protons of Phe 45 (~ 40-50 ms at -7.5 °C, as extracted
from EXSY) are quite comparable to the mixing times (10-40 ms) used to record the EXSY
spectra, accurate determination of kip was warranted because (i) the IHed T p-relaxation times of

~ Phe 45 are all quite similar at 7 = -3.5 °C and below, a notion confirmed by line width analysis in
NOESY (see Figure 8; note also that flip-broadening is negligible for THE of Phe 45 at T < -2°C)
and because (ii) peak volumés,lo and not intensities, were introduced into eq. 1. From NOESY,
kgip was determined for a given mixing time using the expression kgip = [-1/(2Tp;,] ~ In[(xc-1)/
(x+1)] (eq. 2), where x = V /V.

Eyring plots were obtained by fitting the Eyring equation19 to the experimental data, i.e., AGH
T = R'ln[kB‘T/(h'kﬁip)_] (eq.3) versus 1/T, where R, kg and h are the universal gas constant,
Boltzmann’s constant and Planck’s constant, respectively. The activation enthalpy, AHi, and the
activation entropy, ASi, are obtained from the slope and the inverse of the intercept, respectively.
Ring flipping rates in supercooled water were predicted from activation parameters previously
determined'*'* at ambient T using 1/kg;, = A/(kgT) - exp[(AH*/RT-AS*/R)] (eq. 4). For the
present study we further assumed that both AHY and AS¥ are independent of 7.

Correlation time for the overall rotational tumbling in supercooled water. We have
recently demonstrated? that hydrodynamic theory20 allows accurate prediction of the correlation
time of the overall rotational tumbling of globular proteins dissolved in supercooled water. In

- addition, previous 13¢ and "N nuclear spin‘relaxation measurvements21 at ambient temperature
showed that BPTI may be well approximated as a spherical molecule in the framework of

hydrodynamic theory. We thus calculated the correlation time for the overall rotational tumbling

of BPTI using the well established relation®®® 1, = 4n[n(T)]ry’/3kgT (eq. 5). ry is the effective
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radius with rg =[3\_/M/(41tNA)]”3 + 1, where V = 0.73 cm3/g, M, N4 and r,, are the protein’s

specific volume and molecular weight, Avogadro’s number, and the added radius of a monolayer

20a

of water, respectively.
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I1. Chemical Shift Tables

Table S1. Aromatic 'H chemical shifts® of BPTI

(a) in supercooled water at T=-15 °C.
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1H8X 1 HS}’ QD 1 HEX 1 HEY QE

Phe 4 7.036 7.385
Tyr 10 7.352 711
Tyr 21 6.731 6.903
Phe 22 7.159 - 7.255
Tyr 23 7247 7.157 6304 6.359
Phe 33 7.111 7.16
Tyr 35 6.718 7.832 7.009 6.817
Phe 45 7364 7.561 8.286 7.626

7.333

7.387

7.039

7.725

(b) at? T = 36°C

1 st 1 HSy QD 1 H€X 1 HEy QE

Phe 4 6.975 7.354
Tyr10 731 7.076
Tyr2l 6.705 6763
Phe 22 7.139 7.21
Tyr 23 , 7.146 6316
Phe 33 7.061 7.113
Tyr 35 6.661 7.748 6.906 6.755

Phe 45

I7te ‘
7.295
7.303
6.992

7.629

2 in ppm relative to DSS.



© 2000 American Chemical Society, J. Am. Chém. Soc., Skalicky ja0032201 Supporting Info Page 8

S8
" Table S2. Methyl 'H and '3C chemical shifts? (8pgs) and A3 for BPTI at 36 and -7.5 °C.

Residue®  Atom® & 13¢c & 13¢c A8 13C & H 5'H AS 'H

T=36°C  T=-75°C (835875 T=36°C T=7.5°C (335-8.75)
Leu6  CBl(pdly, 229 1230 0.1 0.85 0.85 0.00
Leu6 B2, 248 25.0 -0.2" 0.94 0.93 0.01
Thril  cRER), 212 21.1 0.1 1.37 1.38 0.0
Alal6  cBuP), 194 19.7 03 1.16 1.18 0.02
Ile 18 CrmE®), 182 183 0.1 0.96 0.96 0.00
Tle 18 cdud), 139 14.2 03 0.67 0.67 0.00
leld  cr@wp), 171 17.2 0.1 0.70 070 0.0
Nel9  cdud), 105 10.6 0.1 066 067 001
Ala2s  cBpby, 189 18.9 00 155 153 0.02
Ala27  cBby, 201 19.7 0.4 1.17 118 001
Leu2)  cSlgpdly, 24.7 248 0.1 0.74 0.73 0.01
Leu20 8y, 24.6 24.6 0.0 0.84 0.85 0.01
Thr32  CRH®), 221 222 0.1 0.57 0.59 -0.02
Va4 criggy, 211 21.1 00 0.79 0.79 0.00
Va4 cegpey, 22200 224 0.2 0.69 0.68 0.01
Ala40  cBp), 196 19.7 0.1 1.20 1.18 0.02
Alads  cBpb), 174 . 174 0.0 1.02 1.03 0.01
Met52  ceue), 164 16.4 0.0 2.14 2.15 001
Thi54  cR@E®), 222 22.5 03 160 165 -005
Alas8 CB(HB)3 19.5 192 03 1.31 131 000

4Chemical shifts are referenced relative to the methy] ]H resonance of DSS (Markley, J.L.., Bax, A,
Arata, Y., Hilbers, C.W., Kaptein, R., Sykes, B.D., Wright, P.E. and Wuthrich, K.J. J. Biomol. NMR 1998
12, 1-12). The reference sample contained 2 mM DSS in H,O in a 1.7 mm o.d. glass capillary tube. The
probe temperature was calibrated using methanol contained in a 1.7 mm o.d. glass capillary tube

b Amino acid residues are given in three letter code.

“The nomenclature of the methyl carbon and proton atoms follows from that used in the BPTI chemical
shift files named bmr45.str and bmr46.str deposited in the BioMagResBank.
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Table S3. Amide 'H chemical shifts? (8pss) and A8 for BPTI at 36, 0, and -7.5 °C.

Residue®  8'H, sl &'H, sl AS'H 5 H, sI & H, sI° A8 H
© T=36°C  T=0°C (836-8p)  T=0°C T=0°C (56-5.7.5)

Asp 3 8.64 8.90 026 8.84 8.86 0.02
Phe 4 7.80 8.05 -0.24 8.05 8.06 001
Cys 5 7.43 7.55 -0.12 7.50 7.51 001
Leu6 7.56 7.68 012 769 7.69 001
Glu7 7.51 7.59 -0.08 7.60 7.60 001
Tyr 10 7.79 7.96 0.17 7.97 7.97 -0.01
Thr 11 8.93 9.21 028 9.20 9.24 -0.04
Gly 12 715 135 021 734 7.36 0.02
Cys 14 8.68 8.83 015 884 8386 0.02
Lys 15 7.95 8.14 -0.19 8.14 8.18 -0.04
Ala 16 8.20 826 006 8.26 8.26 0.00
Arg 17 8.18 847 0.29 8.47 8.50 0.03
Tle 18 8.11 8.24 013 8.27 8.30 -0.04
Tle 19 8.67 8.95 027 8.94 8.98 004
Arg 20 8.38 8.48 -0.10 8.58 - 8.62 -0.04
Tyr 21 9.17 9.28 0.11 9.30 9.30 2001
Phe 22 9.77 9.84 -0.08 9.84 985  -0.01
Tyr 23 10.54 10.66 0.13 10.68 10.68 001
Asn 24 7.75 775 000 778 779 001
Ala 25 8.77 9.07 2030 901 905 -0.04
Lys 26 7.90 8.18 -0.28 8.05 806  -001
Ala 27 6.80 6.90 -0.10 689 690 001
Gly 28 8.13 8.24 0.11 8.24 8.25 001
Leu 29 6.80 6.91 -0.10 6.93 6.93 001
Cys 30 839 8.59 -0.20 8.59 8.62 -0.03
Gln 31 8.75 8.83 -0.08 8.76 8.78 0.02
Thr 32 8.02 8.19 017 8.20 8.20 0.00
Phe 33 9.35 9.42 007 9.43 9.43 001

Val 34 8.35 8.60 -0.25 8.59 8.62 -0.03
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Tyr 35 9.38 9.56 -0.18 9.55 9.58 -0.03
Gly36  8.60 8.76 017 875 - 8.77 - -0.02
Cys 38 - 7.75 7.79 -0.04 7.78 7.79 -0.01
Arg 39 9.05 9.27 -0.22 9.28 930 . -0.03
Ala 40 737 7.50 -0.13 7.57 757 00l
Lys 41 8.31 8.44 -0.13 8.49 8.52 -0.03
Arg42 8.35 8.61 -0.26 8.59 - 8.62 -0.03
Asnd3 721 7.26 -0.05 7.26 7.29 -0.03
Asn44 676 6.84 008 686 687 . -0.01
Phe 45 9.92 10.04 -0.12 10.10 10.14 -0.04
Lys 46 991 1015 =~ -024 10.16 10.20 -0.04
Ser 47 7.46 7.50 -0.05 752 751 0.01

Ala 48 8.13 8.28 -0.15 8.29 8.29 01
Glu 49 8.59 8.72 -0.13 8.66 8.67 -0.01
A;sp 50 7.84 8.02 -0.18 7.98 7.99 -0.01
Cys 51 6.98 7.06 -0.08 7.08 7.08 -0.01
Met 52 8.58 8.69 -0.12. 8.65 8.66 - -0.01
Arg 53 8.26 8.30 -0.04 8.35 8.36 -0.01
Thr 54 7.39 7.47 -0.07 7.45 7.46 -0.01
Cys 55 8.23 8.42 -0.19 8.45 8.49 -0.04
Gly 56 7.95 8.16 -0.21 8.11 8.14 -0.04
Gly 57 8.18 846 -0.28 8.45 8.49 -0.04
Ala 58 7.92 8.24 © 032 826 8.31 -0.04

4Chemical shifts are referenced relative to the methyl 'H resonance of DSS (Markley, J.L., Bax, A.,

Arata, Y., Hilbers, C.W., Kaptein, R., Sykes, B.D., Wright, P.E. and Wuthrich, K.J. J. Biomol. NMR 1998

12, 1-12). The reference sample contained 2 mM DSS in H,O in a 1.7 mm o.d. glass capillary tube. The
- probe temperature was calibrated using methanol contained in a 1.7 mm o.d. glass capillary tube. The

amide chemical shift thermal coefficients are all within the normal range of -1 and -9 ppb/°C.

®Amino acid residues are given in three letter code.

“Sample I (sI): 6.0 mM BPTI, pH = 3.6 (see sample preparation above). Sample III (sIIl): 1.5 mM uni-

form 'N-labeled BPTI, pH =7 was kindly provided by Dr. G. Montelione, Rutgers University.
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IIL. Estimation of BPTI’s cold denaturation melting temperature.

From Makatadze et al. (1993) (Table 2, page 2031) we obtain that ACp for the unfolding transition of BPTI is
between 2 and 3 kIK mol . Using equation (12) in Privalov (1990) (page 291), we then estimate that the cold

denaturation melting temperature would be between 200 K and 236 K, respectively.
Privalov, P. L. (1990) Cold denaturation of proteins. Crit. Rev. Biochem. Mol. Biol. 25, 282-305.

Makhatadze, G. L, Kim, K.-S., Woodward, C., Privalov, P. L. (1993) Thermodynamics of BPTI folding. Protein
Sci. 2, 2082-2036. |
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IV. Figures

Figure S1. Cross sections taken along @ at w,('H) of Phe 45 from 2D ['H,'H]-NOESY spectra (T, = 40 ms)
recorded between T = - 3 °C and -15 °C. The position of thg [wl(lHey),wz(lHax)] exchange cross peak is
indicated with an arrow at the chemical shift of H® of Phe 45. The cross peak intensity reflects the ring flipping
rate constant (Table 1), and the reduction of the exchange peak at the lower temperatures is appérent (see text).
The cross peaks labeled with “17, “2” and “3” are assigned to 'HS, THY and 'H5* of Phe 45, respect_ive]y.

Chemical shifts are relative to DSS.

Figure S2. Temperature distribution for entries deposited in the BioMagResBank.?* (A) Fér all entries
comprising chemical shifts for Tyr and Phe ring protons. (B) For entries comprising non-degenerate chemical
shifts for HE and H® pairs of Phe and Tyr. Note, the different scale in (B) reflecting the fact that the overwhelming
'majority_ of aromatic Tyr and Phe rings are flipping rapidly on the chemical shift time scale at ambient T (see
text). Since most assignments were obtained in the framework of NMR structure determiﬁations, the 7-

distribution of currently available NMR structures can be expected to be very similar.
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