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Internal mobility limits the accuracy of NMR1 structures:2

NOEs are quenched, and conformational and/or chemical ex-
change broaden resonances, thus impeding extraction of confor-
mational constraints. A shift of temperature,T, may move such
processes into regimes of very fast or slow exchange on the
chemical shift time scale. While a largeincreaseof T is limited
by macromolecular stability and excitation of yet additional
motions, adecreasewell below 0°C is attainable in supercooled
water.3 This promises more accurate NMR structures, a means
to freeze out conformations and novel insights into biomolecular
dynamics, hydration, and cold denaturation. NMR of small
carbohydrates allowed observation of hydroxyl protons,4 but
multidimensional spectra of macromolecules have not been
reported. Here we show the feasibility of NMR-based structural
biology in supercooled water.

NMR in supercooled water is hampered by high viscosity,η,
yielding long overall rotational correlation times,τc, and line
broadening; an exponential,η(T), was fitted to published values3

(Figure 1a). Hydrodynamic theory5 predicts for rigid spherical
proteins thatτc ) 4π[η(T)]rH

3/3kT (eq 1).rH is the effective radius
with rH )[3VM/(4πNA)]1/3 + rw (eq 2), whereVh ) 0.73 cm3/g,
M, NA and rw are the protein’s specific volume and molecular
weight, Avogadro’s number, and the added radius of a monolayer
of water, respectively. Withrw ) 3.2 Å, eq 2 yieldsrH ) 17.2 Å
for 9.4 kDa recombinant ubiquitin.6 To verify that theory applies
at <0 °C, we determinedτc between 25 and-15 °C from 15N
T1/T1F ratios7,8 (Figure 1b; Table S1). Withη(T) of Figure 1a, a
fit of eq 1 to τc yields rH ) 17.2( 1.0 Å and allows prediction
of τc below -15 °C (Figure 1b). The very good agreement

between theory and experiment suggests that theory, in general,
allows estimation ofτc of macromolecules in supercooled water.

Here we present the first multidimensional NMR spectra
acquired9 for a protein (ubiquitin) in supercooled water. The good
quality of 1H NMR spectra (Figures 2a, S3, S4) shows that
structure determinations of small proteins (<10 kDa) pursued
below -10 °C will profit from homonuclear1H NMR. High-
quality 2D [13C,1H]-HSQC (Figure 2b) at-15 °C and 3D HNCA
at -11 °C (Figure 2c) show that heteronuclear resolved NMR2d

serves well to obtain assignments. TROSY10 is tailored for long
τc; 2D [15N,1H]-TROSY (Figure 2d) shows that such spectroscopy
is well suited below 0°C (pronounced differential line broadening
was observed6 in ω1,ω2-1JNH-coupled HSQC at-15 °C, Figure
3B). For structure determinations in supercooled water, measure-
ment of residual dipolar couplings11 is attractive12 since largeτc

may require deuteration.13 Since bicelle systems are restricted to
ambient T, we explored the Pf1 phage system.14 1% (0.5%)
solutions in capillaries6 can be cooled to-8 °C (-15 °C), i.e., at
>0.5% phage the impact of capillaries6 is reduced. Moreover,
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Figure 1. Overall rotational tumbling of globular proteins in supercooled
water. The freezing point of water (273 K) is indicated. (A) Viscosity,
η, of water as a function ofT. The dots represent published values.3 The
fitted curve represents the indicated exponential function. (B) Rotational
correlation time,τc, of ubiquitin6 versusT. Experimental values9 are
represented by dots, and the middle curve (asterisk) was obtained from
a fit of eq 1 yieldingrH ) 17.2 Å. The upper (rH ) 18.2 Å) and the
lower curve (rH ) 16.6 Å) enclose the experimental values shown at
higher resolution in the insert. Fits were performed with SigmaPlot 4.0.
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the residual quadrupolar coupling of2H2O decreases14 with T
(Figure 3a). Nonetheless, we measured, for the first time, sizable
residual dipolar couplings for structural refinement in a super-
cooled dilute liquid crystalline medium (Figure 3b).

Ubiquitin remains virtually unchanged between 25°C and-15
°C, i.e., potential cold denaturation16 is not observed. Nearly
complete15N, 1HN, and13CR, and methyl assignments below-10
°C (Tables S2, S3) reveal that supercooling has little effect on
these shifts,15 and the coefficients of1HN resonances do not
indicate larger conformational rearrangements.1HN of Glu18 is
an outstanding exception. It exhibits a largepositiVe Tcoefficient,
∆δ/∆T, of 9 ppb K-1 below-5 °C, while∆δ/∆T ) -3 ppb K-1

above 15°C; it is the only1HN shifted significantly upfield (0.06
ppm) at-15 °C (Figure 2d). The carbonyl oxygen of Glu18 is
hydrogen bonded to1HN of Asp21 in a type I turn,17 and ∆δ-
(1HN)/∆T of Asp21 decreases from-7 ppb K-1 at >15 °C to -1
ppb K-1 below-10 °C. Possibly, a local conformational change
due to an increased population of the hydrogen bond occurs below
-5 °C. The signal of Val70 shifts most upfield alongω1(15N)
(1.6 ppm) and broadens upon supercooling (Figure 2d). Relaxation
data17 at 30°C did not reveal a slow motion at Val70: it appears
that the correlation time of a mode escaping detection at ambient
T is shifted into the intermediate regime. Hence, NMR in
supercooled water can provide novel insight by shifting correlation
times into ranges that are well accessible by exchange spectro-
scopy2b or measurement of rotating frame relaxation times8 or
by freezing out conformations, e.g., the disulfide bond isomers
of BPTI.8,18

Highest-quality NMR structures do not match the precision of
highest-resolved (<1.0 Å) X-ray structures,19 which allow check-
ing on methodology for structural refinement, molecular dynamics
simulations, and calculation of charge densities.20 Thus, novel
technology for highest-quality NMR structures is attractive. We
address the unique potential of NMR in supercooled water for
structural refinement of smaller proteins: reduced mobility may
decrease NOE quenching, reduce conformational exchange broad-
ening, and stall ring flipping2b,c enabling detection of distinct
resonances for stereochemically equivalent ring protons. Reduced
exchange of labile protons will allow extraction of additional
structural constraints. Increased accuracy can also be expected
for smaller nucleic acids including loops with non-base paired
nucleotides: non-hydrogen bonded imino protons are readily
observable at-15 °C (Figure 2e), thus serving to detect NOEs
and/or residual dipolar15N-1H couplings, and reduced exchange21

of RNA 2′-hydroxyl protons will yield structural parameters for
these protons in supercooled water.
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Figure 2. Multidimensional NMR in supercooled water. (A-D) for
ubiquitin: (A) Downfield regions from 750 MHz jump-return 1D1H
NMR spectra2d at 25 °C and-15 °C. τc is given (Figure 1). The1HN

resonance of Ile13 exhibits a width at half-height of 14 Hz at 25°C and
32 Hz at-15 °C. With 3JHNR ) 9 Hz, the natural line widths are about
5 and 23 Hz, respectively. (B) Regions from 2D [13C,1H]-HSQC2a spectra9

containing the methyl signals. Assignments16 are given at 25°C. (C)
[ω1(13CR),ω3(1HN)] strips of residues 28-32 from 3D HNCA2d recorded9

at -11 °C. Sequential connectivities are indicated. (D) Regions from 2D
[15N,1H]-TROSY10 spectra9 containing the signal of Val70 (boxed on the
left) that broadens upon supercooling (lower left), and Glu18 exhibiting
a largepositiVe temperature coefficient below 0°C for 1HN (boxed on
the right). Shifts are in ppm and relative to DSS. (E) For dGTP (left)
and dTTP (right): imino proton resonances from 1D jump-return1H
NMR. The line widths (in Hz) are for dGTP at 20°C: >200, 0°C: 62,
-5 °C: 37,-10 °C: 28,-15 °C: 18. Corresponding widths for dTTP:
90, 18, 12, 10, 8.

Figure 3. NMR in a supercooled dilute liquid crystalline medium with
1.3% Pf1 phage.6,9,14 (A) The residual quadrupolar couplings of2H2O
are indicated. At low ionic strength the following couplings (in Hz) were
obtained in capillary tubes.6 0.5% phage: 20°C: 6, 0 °C:5, -15 °C:3.
1% phage: 20°C:15, 0°C:11,-8 °C:9. (B)15N-1H couplings observed
for Lys11 of ubiquitin6,9 at 25 and at-7 °C. The coupling is reduced
upon supercooling:1JNH ) -93.9 Hz at 750 MHz22 yields 11.2 and 7.1
Hz at 25 and-7 °C, respectively.
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