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Abstract: The use of a short, three-residue2Giinding sequence, the ATCUN motif, is presented as an
approach for extracting long-range distance restraints from relaxation enhancement NMR spectroscopy. The
ATCUN motif is prepended to the N-termini of proteins and bind$'Quith a very high affinity. Relaxation

rates of amide protons in ATCUN-tagged protein in the presence and absencé&"afadibe converted into
distance restraints and used for structure refinement by using a new routine, PMAG, that has been written for
the structure calculation program CNS. The utility of the approach is demonstrated with an application to
ATCUN-tagged ubiquitin. Excellent agreement between measured relaxation rates and those calculated on the
basis of the X-ray structure of the protein have been obtained.

Introduction lings 5 Paramagnetic structural restraints are particularly useful
when conventional NOEs are unavailable or difficult to interpret
Paramagnetic probes have been utilized to obtain valuablebecause of complex molecular dynamics, such as at pretein
information about the structure of biomolecules in many recent protein or proteir-nucleic acid interfacésand in unfolded
NMR studies. A growing number of applications involve mea- proteinstbf

surements of nuclear spin relaxation enhancementsiuding A wide array of paramagnetic labels are used in protein NMR
autorelaxation of two-spin ord&rand dipole-dipole (dipole- spectroscopy, including ions bound to native as well as
Curie-spin) cross-correlated relaxati®f,as well as measure-  engineered metal-binding sitéshelating tags® and nitroxide

ments of pseudocontd® and contacf shifts. In addition, groupst® and a number of protocols have been developed to

paramagnetic substances have been used in biomolecular NMRncorporate the information derived from the use of these labels
as intermolecular relaxation ageh@nd magnetic alignment into structure calculatiors.One common feature of these

agents facilitating the measurements of residual dipolar coup- methods is that they require additional knowledge about the
paramagnetic center, typically in the form of a paramagnetic

* Department of Medical Genetics, University of Toronto. susceptibility tensor or an electron spin relaxation rate. In this
# Department of Biology, York University. paper we report on the use of a paramagnetic probe that consists
' Structural Biology and Biochemistry Program, Hospital for Sick ofathree-residuaminoterminalCu”(NiH)-binding (ATCUN)
Children. . . AR
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il??p)acvmem ?;I Cihelrbmstry, U'r&lvezrilty 0fz TaronAtg- MW W L protocol in which the relaxation-based distance restraints are
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T 1a

The ATCUN motif was designed to mimic the &ubinding . AL LY e
site of human albumif® This motif, NH-X1-X2-His, coordi- g olaziazgas oy |l e
nates a metal via (i) the free N-terminal Mgroup from residue o
X1, (i) two backbone amide groups from residues X2 and His, I I I2 i | Il
and (iii) the imidazole group of a His residt®&The site has a — WAITZ 16
high binding affinity for paramagnetic €t, which is coordi-
nated by the four nitrogens in a distorted square-planar g, _ I
geometry. In this configuration, the energy gap between the g &
ground and excited states of copp& = 1/,) is substantial,
resulting in relatively long electronic relaxation times)(on
the order of nanosecon#sand only small anisotropy of the
g-tensor!? In turn, this leads to efficient relaxation of the nuclear
spins via dipolar interaction with the copper ion and to near-
absence of pseudocontact chemical shifts.
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Figure 1. Pulse scheme used to meastlisgparamagnetic relaxation

rate enhancements of amide proton&hi-labeled proteins. All narrow
(wide) pulses are applied with a flip angle of°9@L8C°) along the

x-axis unless indicated otherwise. The rectangthh('®N) pulses are
applied with a field of 35 kHz (6.5 kHz) and are centered at 4.77 ppm
(119 ppm). Open shaped pulses represent 1.6 ms water-selective pulses
applied with a rectangular profile. The filled shaped pulse corresponds

. . to a 2.50 ms REBURP pul&8applied at 8.54 ppm with a field strength
Results and Discussion of 2.50 kHz to selectively excitéHN and not'Ha. resonancestsN

Human ubiquitin was chosen as a model system to investigatedecoupling is achieved by using a WALTZ-16 sequéfiteith a 1
the utility of the C#+-ATCUN motif as a paramagnetic probe ';":'))ZO f'e'd'TThe dde|la)§ Hseg am = 2+75 m655(: 1/6(3‘;]'6“)) arrl]d K :b
for deriving long-range distance restraints in proteins. Cloning, ©: ms. Ten defays, in the range from 6.5 10 65.0 ms have been

. d ificati f ATCUN-ubiquiti ied used to sample the relaxation decay with an additional series of
eXpreSS|on3 and puri Ica'lon 0 -ubiquitin que qurle measurements for rapidly relaxing peaks employing delays in the range
out according to a straightforward protocol described in the

- h . ~ from 6.5 to 14.5 ms. The phase cycle is the followings = 2(x),
Materials and Methods section. The three-residue ATCUN motif 24 ¢, = 4(x), 4(—x), ¢3 = (x, —X), ¢s = 2(X), 2(=X), ¢s = (X, —X),

(Gly-Ser-His in this case) was followed by a single glycine rec = (x, 2(—x), x, —x, 2(x), —x). Quadrature detection in;Hs

residue linker to minimize potential structural perturbations to accomplished by States-TPPI incrementationpefé® The durations
ubiquitin. Note that in many cases prepending an ATCUN tag and strengths of the gradients are the following:=g(1.0 ms, 5 G/cm),
to a protein is more straightforward than the addition of spin- 92= (0.1 ms, 12 G/cm), g3= (1.0 ms, 15 G/cm), g4 (0.4 ms, 25
labeling reagents that react at the free thiol of cysteine since G/cm).

several rounds of site-directed mutagenesis and activity assays
may be necessary to ensure that only one solvent-accessible

cysteine is available for derivatization and that the protein
structure is not perturbed.

NMR spectra (500 MH2H frequency) were collected at 30
°C on matched 0.6 mM uniformBpPN-labeled samples of metal-
free and paramagnetic €uloaded protein. Chemical shifts in
ATCUN-ubiquitin were found to be similar to those in the native
protein with the exception of several terminal residues; a small
number of ambiguities were resolved by verifying the backbone
assignment using an HNCACB experimEntecorded on a
uniformly labeled!®N,3C sample. Transverse relaxation rates
of the amide protonsR,™N, were measured using the HSQC-

based pulse sequence shown in Figure 1. The relaxation rates,

RN, were found to be independent of protein concentration as
confirmed by an additional series of measurements on a 0.3
mM sample. Representative relaxation profiles fit by a single-
exponential decay curve are shown in Figure 2.

The paramagnetic relaxation enhancements,
AN = RAN(CUET) — RHN(free), were interpreted by using
the Solomon-Bloembergen equatioH:

N 1
I —64{
MHN—cu

where the electronig factor has been determined by ESR
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VCH: Weinheim, Germany, 1991.

(12) Rakhit, G.; Antholine, W. E.; Froncisz, W.; Hyde, J. S.; Pilbrow, J.
R.; Sinclair, G. R.; Sarkar, Bl. Inorg. Biochem1985 25, 217—-224.

(13) (a) Wittekind, M.; Mueller, LJ. Magn. Resonl993 B101, 201—
205. (b) Muhandiram, D. R.; Kay, L. B. Magn. Resorl994 B103 203-
216.

(14) Solomon, |.; Bloembergen, N. Chem. Physl956 25, 261—266.

o
o

Peak Intensity

o
'S

0.2

0

002 71 004 0.06

Figure 2. T, relaxation decay profiles of three representative amide
protons in Cé™-loaded ATCUN-ubiquitin. Peak intensities were fit with
a single exponential yielding relaxation decay times of 47.3 (Asn 25,
0), 68.3 (Arg 54,2), and 26.2 ms (Ser 6%).

measurements,gc, = 2.09, and the correlation timg reflects

the combined effect of molecular tumbling and electron spin
relaxation, 1#. = 1/r; + 1l/te. The rotational correlation time,
7, was determined in this study by usideN T; and T, data
yielding 3.4 ns at 30C with the rotational diffusion tensor very
close to isotropicdDy/Dg = 1.0 in both metal-free and Gt
loaded formg? It is noteworthy that the Curie spin contribution
to proton relaxation is negligible in this case and that the point-
dipole approximation implied by eq 1 appears to hold well for
protons relaxed via dipolar interaction with the Zelectron

(15) (a) Lee, L. K.; Rance, M.; Chazin, W. J.; Palmer, A.JGBiomol.
NMR 1997, 9, 287-298. (b) Farrow, N. A.; Muhandiram, R.; Singer, A.
U.; Pascal, S. M.; Kay, C. M.; Gish, G.; Shoelson, S. E.; Pawson, T.;
Forman-Kay, J. D.; Kay, L. EBiochemistry1994 33, 5984-6003. (c)
Tjandra, N.; Feller, S. E.; Pastor, R. W.; Bax A.Am. Chem. S04.995
117, 12562-12566. (d) Lee, A. L.; Wand, A. J. Biomol. NMR1993 13,
101-112.
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spin1® However, there is a possibility that local ATCUN
dynamics may modulate the-cy distance, resulting in an
additional relaxation contribution unaccounted for by eq 1.
;AN values were analyzed with use of a new module, PMAG,
written in-house for the program CNSThe pseudopotential
Epmagincorporated in the target function of CNS is defined as:

calc FOb 2
2

N

Epmag= Ko (I — 19971 — ex
pmag mag 2 2 b
Z «/EO‘? S

where TI',%°s is the experimentally observed paramagnetic
relaxation rate enhancemenfacis the relaxation enhancement
calculated from eq 1 by using the distamgg—_c,°2" obtained

at a given time in the simulated annealing protocol, apts

is the uncertainty iT,°bSestimated from the experimental data.
The summation over all residues for which the relaxation data
are available is implied. During each CNS iteration eq 2 is
evaluated by using a set of different correlation times,
extending over a preselected range fredf" to 79" and the
lowest Epmag Value is returned to the program. Thus, is
essentially optimized “on the fly” during the course of the
structure calculations. Note that the multiplicative factor in

square brackets in eq 2 accounts for the experimental uncertainty

so that the penalty is reduced if the difference betwEgAc

and I',°bs falls within the bounds of the experimental error.
Finally, since the potential of eq 2 rises steeply with a decrease
in run—cf@ we have also implemented a parabolic “soft
asymptote®’ for this function to avoid unreasonably highmag
contributions (see Supporting Information).

The observed paramagnetic relaxation rates were interprete
in conjunction with the X-ray structure of ubiquiti.The
coordinates of the ATCUN mofif were added to the X-ray
coordinate set and the resulting structure was refined as

J. Am. Chem. Soc., Vol. 123, No. 40, 2803

A

§, ubiquitin

-

d:igure 3. The 10 lowest energy structures of ATCUN-ubiquitin

calculated with the pseudopotenti#ymag €q 2, comprising 50
experimental paramagnetic restraints. During low-temperature simulated
annealing the backbone dihedral angles of ubiquitin (residues 3 to 69)
were fixed according to their X-ray crystallographic val&ahereas

described in the Materials and Methods section. Figure 3 showsajl other backbone and side-chain torsional angles were optimized. The

the 10 lowest energy conformations out of 100 calculated, with

resulting structures were subsequently refined by using a conjugate

the protein backbone structures superimposed. The coordinategradient minimization. The spheres in the plot represerit” Gans.
of the Cu atom (shown as spheres in the plot) are determinedThe backbone conformation of the calculated structures is nearly

with a root-mean-square deviation (rmsd) of 0.5 A (based on
superposition of the backbone atoms of ubiquitin) and the
correlation timeg., obtained from this procedure is 1450.6
ns, which corresponds to an electron relaxation tirgeof 2.7

+ 0.3 ns. Using a Monte Carlo approach, we have establishede ot

that the uncertainty in the position of the copper and the related
significant uncertainty in the determined correlation tirpean

be largely attributed to measurement erref°Pd. It is worth
noting that the spatial distribution of the copper atoms in Figure
3 reflects a “valley” on the potential energy surface where the
paramagnetic restraints are satisfied almost equally well within
the current level of the experimental uncertainty. The inset in
Figure 3 shows the structure of the ATCUN motif (Gly-Ser-
His) and the linker (Gly) from the lowest energy conformation
of ATCUN-ubiquitin generated in this series of calculations.

It is noteworthy that the HSQC correlations for residues 16

18 and 26-21 (residue 19 is a proline) in the spectrum ofGu
loaded ATCUN-ubiquitin have been broadened beyond detec-

(16) Ma, L. X.; Jorgensen, A. M. M.; Sorensen, G. O.; Ulstrup, J.; Led,
J. J.J. Am. Chem. So@00Q 122 9473-9485.

(17) Bringer, A. T.; Adams, P. D.; Clore, G. M.; Delano, W. L.; Gros,
P.; Grosse-Kunstleve, R. W.; Jiang, J. S.; Kuszewski, J.; Nilges, M.; Pannu,
N. S.; Read, R. J.; Rice, L. M.; Simonson, T.; Warren, G.Acta
Crystallogr. 1998 D54, 905-921.

(18) Alexeev, D.; Bury, S. M.; Turner, M. A.; Ogunjobi, O. M.; Muir,

T. W.; Ramage, R.; Sawyer, Biochem. J1994 299 159-163.

(19) Camerman, N.; Camerman, A.; Sarkar(n. J. Chem1976 54,

1309-1316.

identical to that of the crystal structure with an average rmsd of 0.14
A for the heavy backbone atoms from residues$9. The inset shows
the N-terminal residues of ATCUN-ubiquitin (Gly-Ser-His comprising
the metal-binding motif, followed by a Gly linker) from the lowest
energy ATCUN-ubiquitin structure (view from above as indicated in

tion, which is consistent with the calculated structure. This result
is significant since the disappearance of peaks upon addition
of Cl?* has not been used as a source of constraints in structure
calculations. The agreement between the observed and calculated
paramagnetic relaxation rates is illustrated in Figure 4a for the
lowest energy structure and the corresponding correlation
between the distances is shown in Figure 4b.

Because of its small size, the ATCUN motif is likely to
introduce minimum perturbations to either structure or function
when tagged to most proteins. We suggest that the ATCUN
tag will be useful for high-precision structure determination
when used in conjunction with other paramagnetic labels. The
success of recent structural studies using multiple paramagnetic
labels has been well-documented and such studies are
expected to further benefit from the increased diversity of
available labels. Furthermore, the ATCUN motif can be used
as an efficient low-resolution structural probe of protein

(20) Aronoff-Spencer, E.; Burns, C. S.; Avdievich, N. |.; Gerfen, G. J,;
Peisach, J.; Antholine, W. E.; Ball, H. L.; Cohen, F. E.; Prusiner, S. B;
Millhauser, G. L.Biochemistry200Q 39, 137606-13761.
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Figure 4. (a) Correlation between the measured paramagnetic relax-
ation rate enhancemerffs®sand the corresponding enhanceméista©
calculated from eq 1 by using the lowest energy ATCUN-ubiquitin
structure (see Figure 3) together with the optimized value.ofb)
Correlation between thtHN—Cu distances extracted froff,°®s data
using eq 1 and the corresponding distances in the lowest energy
ATCUN-ubiquitin structure.

complexes and multidomain proteins. Using ubiquitin as an

Donaldson et al.

residue glycine linker, and residues-72 of ubiquitin was PCR
amplified and ligated into the vector pGEX-4T2 (Pharmacia) at
BamHI and EcoRl restriction sites. The linker (which can be of variable
length) is added to ensure that the protein structure is relatively
unperturbed. In general, the choice of linker length is based on a
compromise: a long linker is less likely to perturb the protein but, on
the negative side, can contribute significantly to the mobility of the
paramagnetic tag. Isotopical§N-labeled [glutathion&transferase]-
ATCUN-ubiquitin fusion protein was obtained by affinity purifi-
cation of a soluble extract &. coliBL21::DE3 (Novagen) cells grown

in minimal media supplemented with 1 g/It%{,99%)-ammonium
chloride. ATCUN-ubiquitin was liberated from the fusion protein by
treatment with human thrombin (Sigma) and subsequently purified
to homogeneity by gel filtration. Though ATCUN-ubiquitin could
have been cloned and produced directly, we favor the fusion protein
method as a general approach. Proteins producdd toli as GST
fusions tend to be soluble and well expressed. In addition, the insertion
of gene fragments into the BamHI site followed by thrombin protease
cleavage guarantees a protein that begins with Gly-Ser, the first two
residues of the ATCUN maotif, with a free N-terminal amino group for
coordination with paramagnetic &u Otherwise, direct overexpression

of the protein may lead to the presence of N-terminal Met or loss of
N-terminal residues due to misprocessing by endogenous bacterial
aminopeptidases.

Coordination of copper was achieved by the addition of 1.1 molar
equiv. of CuSQto a 20uM protein solution previously dialyzed in
water at pH 4.5. After the pH was raised to 6.84I5 of Chelex-100
beads (BioRad) were added to the protein solution to remove excess
metal. As Cu(OHyis insoluble, it may also be possible to remove free
metal by increasing the pH above neutral. Concentrated @aded
samples had a characteristic pink-purple hue with a broad absorption
maximum centered at 525 nra £ 100-150 M~ cm™). The affinity
of Cu?* for the ATCUN moiety is very high with a dissociation constant
of 2 x 107" measured for an isolated ATCUN mo#if.

NMR Data Collection. All NMR data were acquired on a 500 MHz
Varian Unity Inova spectrometer equipped with a pulsed-field gradient
accessory. All spectra were processed with nmrPipe softifaad
interpreted with the software packages nmrDF&NMRView,?% and
PIPPZ¢Peak intensities were fitted by using the nonlinear least-squares
fitting algorithm nlinLS, part of the nmrPipe software package.
Exponential fitting of the decay curves was accomplished by using
in-house software that was originally described by Farrow &dlhe
errorsor®swere obtained from the fitting of the decay curves using a
standard Monte Carlo approatHi.

Additional measurements performed on an ATCUN-ubiquitin sample
loaded with diamagnetic Rii revealed the presence of two slowly
exchanging species representing free and metal-bound forms as
observed previouslE In contrast, metal-free and €ubound forms
produced a single set of resonances. The relaxationRgtésneasured
in the C#*-containing samples with high protein concentrations (around
2 mM) showed a significant concentration dependence for several
residues. This effect, likely attributable to intermolecular paramagnetic
relaxation, was negligible at lower protein concentrations as confirmed
by the data from 0.6 and 0.3 mM samples.

CNS Structure Calculations. A set of atomic coordinates represent-
ing the X-ray structure of ubiquitin (protein database accession code

example, the method presented here can be employed to studyUBI*®) with a prepended ATCUN mofit was prepared. In what

multi-ubiquitin chaingd! and interactions with ubiquitin-
conjugating enzyme®. Determination of ligand binding sites
and characterization of disordered states of proteins are othe
applications for which the ATCUN motif is anticipated to be
useful.

r

ollows residue numbering in ubiquitin has been preserved, while the
residues Gly-Ser-His from the ATCUN motif and the Gly linker were
assigned numbers from3 to 0. The structure was equilibrated by using

a standard CNS protocol with the coordinates of the atoms from residues
3 to 69 of ubiquitin fixed. Subsequently, the structure was refined

Materials and Methods

Cloning, Expression, and Purification of ATCUN-Ubiquitin. A
DNA fragment encoding the ATCUN motif, Gly-Ser-His, a single

(21) Phillips, C. L.; Thrower, J.; Pickart, C. M.; Hill, C. PActa
Crystallogr. 2001, D57, 341-344.

(22) Huang, L.; Kinnucan, E.; Wang, G. L.; Beaudenon, S.; Howley, P.
M.; Huibregtse, J. M.; Pavletich, N. Bciencel999 286, 1321-1326.

(23) Hirel, P.-H.; Schmitter, J.-M.; Dessen, P.; Fayat, G.; Blanquet, S.
Proc. Natl. Acad. Sci. U.S.A989 86, 8247-8251.

(24) Kruck, T. P. A;; Lau, S.; Sarkar, Ban. J. Chem1976 54, 1300~
1308.

(25) (a) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.;
Bax, A. J. Biomol. NMR1995 6, 277—-293. (b) Johnson, B. A.; Blevins,
R. A. J. Biomol. NMR1994 4, 603-614. (c) Garrett, D. S.; Powers, R.;
Gronenborn, A. M.; Clore, G. MJ. Magn. Reson1991, 95, 214-220.

(26) Gasmi, G.; Singer, A.; Forman-Kay, J. D.; Sarkar,JBPeptide
Res.1997 49, 500—-509.
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against the set of experimental restraifi$>s by using the pseudopo- pseudopotential function and its first derivative with respeaito.cu
tential described in the text, eq 2, implemented in the module PMAG. at the threshold level. The threshold should be lowered if high-
The refinement consisted of 40 rounds of torsion angle dyn&hass temperature molecular dynamics is employed to avoid an excessive
the system was cooled from 2008 ® K with each round consisting buildup of energy. It is worth pointing out that, for a given set of atomic
of 10 ps of molecular dynamics (1 fs time step). Backbone dihedral coordinatesFpmag shows a pronounced minimum as a functioncf
angles of residues 3 to 69 of ubiquitin were fixed while all other (see Supporting Information).

backbone and side-chain dihedral angles were allowed to vary. The results of the CNS-based data analysis were verified by using
Following this step, the structure was subjected to Powell conjugate- a simple minimization procedure implemented with Matlab software
gradient minimization in the presence of thgbs restraints. Note that (MathWorks Inc.). In this alternative approach the paramagnetic pen-
the aim of this procedure is to determine the relative position of the alty function, eq 2, was minimized by direct fitting of and{x, v,
protein and the ATCUN motif, with the backbone structure of ubiquitin Z}cu (three coordinates of the paramagnetic center in the coordinate

remaining essentially preserved. frame of the X-ray structure). Note that any steric constraints for
During the torsion angle dynamics stage the van der Waals ATCUN placement are ignored in this simplified approach. The results

interaction force constant was ramped from 0.1 to 1.0 kéalthe are in agreement with the CNS procedure and the quality of the

force constantomag (€9 2) was ramped from 0.1 to 2.0 kesland correlation between the experimental and calculated rate constants is

maintained at 2.0 kce during the subsequent conjugate-gradient very good.
minimization. At each iteration in the CNS computatioBgnag iS

calculated for a number af. values and the lowest obtained value is Acknowledgment. N.R.S. is the recipient of a Centennial
returned to the program. In this applicatiajis varied betweenm." Fellowship from the Canadian Institutes of Health Research

= 0.1 ns and"9" = 4.0 ns with a step size of 0.1 ns. The parabolic . .
extension for the pseudopotenti&laghas been implemented, to avoid (CIHR). Funding from .CIHR .and As.traze.neca .Is gratefully
unreasonably higtEqmag energies, as follows. When tHymag term acknowledged. L.E.K. is an international investigator of the

calculated for an individual residueising eq 2 exceeds a user-defined Howard Hughes Medical Research Institute.

threshold (in this application 3000 kcal) this contribution is automati-

cally recalculated according to the formuda(ryn—c2° — c;)2 The Supporting Information Available: Two figures illustrating
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