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SUtiRARY. The DEPT spectral editing technique nas used to separate the CB, CH2 
and CA3 resonances in the C-13 NkfR spectra of transthyretin and the porcine 
zinc insulin hexamer. The advantages of this technique in terms of spectral 
simplification and sensitivity enhancement for 13C NUR of proteins is 
discussed. Spin-lattice relaxation time and nuclear Overhauser effect 
measurements of the backbone C-a and aliphatic sidechain carbons provided 
information about the dynamics of the proteins in solution and the relative 
mobility of some sidechain groups. B 1987 Academic Press, Inc. 

INTRODUCTION. Nuclear magnetic resonance spectroscopy (NHR) provides a very 

powerful experimental basis for investigating the structure and dynamics of 

proteins in solution Ill. “C NtiR spectroscopy in particular has the 

potential to provide information not only about molecular conformation, but 

also about the dynamic behaviour of specific residues nithin a biomolecule 

121. TRO difficulties nhich have limited the application of 13C NHR to 

proteins in the past are the lox inherent sensitivity and the high degree of 

spectral overlap. There are a number of factors which contribute to the 

sensitivity problem in 13C NMR. but one that relates specifically to proteins 

is the generally reduced nuclear Overhauser enhancement (NOE) observed for 

slon-tumbling macromolecules. The overlap problem arises simply because of the 

large number of inequivalent carbons in macromolecules. Both difficulties 

should potentially be alleviated by spectral editing techniques 131 involving 

polarization transfer for sensitivity gains. Such pulse techniques are 

Abbreviations: 

NHR, Nuclear Magnetic Resonance; DEPT, Distortionless Enhancement 
by Polarization Transfer; TTR, transthyretin; ZnIn, zinc insulin; 
NOE, Nuclear Overhauser Effect. 
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beginning to be nidely applied in "C NIIR of small molecules for assignment 

purposes. but have not yet been applied to proteins. In this report we 

demonstrate this application in two proteins currently under investigation in 

our laboratories. 

The thyroxine-binding protein, transthyretin (TTR), iS a tetrameric 

protein of moderate size (H, 54,800) whose principal function is the transport 

of the thyroid hormones in vertebrate blood 141. It has also been implicated 

as a transport agent of the thyroid hormone, thyroxine fT4). across the 

blood-brain barrier 151. The zinc insulin hexamer (ZnInl is a smaller protein 

(Ii, 36,000) and has been proposed as the storage form of insulin rithin the 

secretory granules of the pancreas T61. The crystal structure and conformation 

of both TTR and porcine ZnIn have been defined by X-ray studies [7,81. 

One specific aim in the study of these proteins is the determination of 

the relative flexibility of different parts of the three-dimensional structure 

in solution, For this purpose "C NMR spin-lattice relaxation times (Tl'sl and 

nuclear Overhauser effects (NOE's) have been measured. Correlation times for 

molecular motion were then derived using the program HOLDYN t91. We are 

particularly interested in mobility of serine residues in both proteins, and 

xere therefore interested in discriminating peaks due to these residues from 

those due to CH backbone carbons nhich occur in the same spectral region. 

Hhile in principle TI measurements should aid in this assignment process for 

the two types of resonance by virtue of the different number of attached 

protons,in practice it is shown that protein size (which affects correlation 

time) and the degree of internal motion can make discrimination based on Tl 

difficult. This reaffirms the need for an alternative assignment tool, such as 

spectral editing, in the interpretation of "C NI(R spectra of proteins. 

MATERIALS AND t4ETBODS. Transthyretin was obtained from human plasma using the 
method of Dwulet and Benson ClOl. Zinc insulin used was supplied by the 
Commonnealth Serum Laboratories. NMR solutions of TTR Here prepared by 
dissolving TTR (190 mg) in 5 ml of 0.2 mH Tris in DzO. The pD of the solution 
was then adjusted to 7.0 vith 0.1 n DC1 solution. The concentration of ZnIn 
NEIR solutions was approximately 75 mg/ml in 10% DxO in water. The pE of the 
solution eras adjusted using 1 H NaOE solution. 
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NHR measurements: 13C NM spectra uere recorded on a Bruker AH3OOWB 
spectrometer utilizing a selective 13C probe tuned to 75. 49 MHz and using 10 
mm diameter sample tubes. Routine spectra sere accumulated overnight ( -100,000 

scans) at ambient temperatures under the following conditions: pulse width, 7 
us (60’ flip angle); weep width, 16,000 Hz; data points, 8K; acquisition 
time, 0.25 s; recycle time, 1 s. Low-power, broad-band, proton irradiation 
(0. 3 El sas used during the recovery delay and Haltz decoupling C 111 (0. 5 II) 
was used during acquisition. Spectra were processed by zero-filling to 16K 
data points and exponential multiplication prior to Fourier transformation. 

Relaxation times, TI’s, were obtained using the fast inversion recovery 
method I1 21 with a composite IBOO pulse to correct for rf inhomogeneity I1 31 
and a 90’ pulse length of 13.6 us. TI values aere determined by non-linear 
three-parameter regression analysis I1 41. Nuclear Overhauser effect (NOE) 
measurements were obtained using the gated decoupling technique [ISI with 
recycle times on the order of 5 TI’ s. DEPT subspectra uere obtained using the 
procedure of Doddrell et al. t 31. The delay between pulses (3. 33 ms) was set 
equal to ‘J( CH) of 150 Hz, and a weep width of 12,000 Hz was used for the TTR 
subspectra. The CH subspectrum was generated using an additional 90’ proton 
‘purging’ pulse according to the method of Bendall and Pegg I161. 

RESULTS AND DISCUSSION. The 75 MHz ----_I_-... - 13C NHR spectrum of ZnIn (Fig. la) 

contains many resolved resonances. while the slightly larger protein, TTR, has 

d. CH3 subspectrum 

c. CH2 subspectrum 
Tyrc -C 

b. CH subspectrum 4 

190.0 170.0 150.0 130.0 110.0 90.0 70.0 50.0 30.0 10.0 

PPM 

Figure 1. “C NHR Spectra of bovine ZnIn. (a) Normal Raltz decoupled 
spectrum, (b) CA subspectrum, (cl CE2 subspectrum, (dl CI’lz 
subsoectrum. 
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d. CH3 subspectrum I  

c. CH2 subspectrum 

b. CH subspectrum 
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PPM 

Figure 2. 13c NtlR Spectra of human TTR. (a) Normal lialtz decoupled spectrum, 
(b) CK subspectrum, (c) CEz subspectrum, (d) CEJ subspectrum. 

broader peaks and hence fener resolved resonances in its "C NIIR spectrum 

(Fig. 2a). In both cases, however, a great deal of information on solution 

dynamics and interactions of these proteins with ligands can be gained once 

peaks in the 13C spectra are assigned to specific molecular sites. A number of 

assignment techniques have been applied to protein spectra in the past, 

including consideration of shifts of constituent amino acids, pH and 

temperature variation, studies of homologous proteins, and chemical 

modification. In the current study we suggest that spectral editing techniques 

are of particular value as a front line assignment aid in the "C NHR spectra 

of proteins. 

The DEPT pulse sequence [31 has been used to achieve spectral editing in 

the current case. By varying the final proton pulse in this sequence it is 

possible to generate three "C subspectra containing only carbons of 

multiplicity CH, CA2 or CBS. The subspectra generated in this way (shown in 

Figures lb-d for ZnIn and 2b-d for TTR) clearly provide considerable spectral 

simplification and allow a number of residue types to be readily identified. 
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For example, the C-a carbons of the backbone appear as broad envelopes in the 

50-60 ppm region of the C-H subspectra (Fig. lb and 2b1, and the threonine C-(3 

carbons appear as a distinct resonance in the CH spectrum of In and as several 

resolved lines betneen 65 and 80 ppm in the 13C NhR spectrum of TTR. The 

serine C-(3 carbons are clearly resolved in the CBZ spectra around 63 ppm (Fig. 

Ic and 2~1. Similarly, in the CE subspectra the sidechain methine C-p carbons 

of isoleucine and valine, and the C-y resonances of leucine are resolved from 

a large number of other overlapping peaks in the normal 13C spectrum. 

hany protein methyl resonances in "C NHR occur to high field of the CH2 

resonances. However, there are some overlaps, as illustrated by the CHJ 

subspectrum of insulin in Figure Id. A comparison aith the CHZ subspectrum 

(Figure lcl shows that the Y-CA2 resonance of the single lysine in insulin, 

which is obscured by the larger methyl signal from the six leucines present, 

can be visualized using DEPT. 

These examples illustrate the utility of the spectral editing aspect of 

the DEPT technique in the interpretation of protein NhR spectra. Perhaps an 

even more important facet of the DEPT procedure is its sensitivity 

enhancement. In theory, C-H polarization transfer techniques such as DEPT 

should produce an enhancement of ys/yc (= 4) over a 13C spectrum obtained 

without NOE enhancement. This compares nith a factor-of-three enhancement 

produced in a conventional broadband decoupled "C spectrum relative to a 

spectrum without NOE enhancement. For organic molecules the theoretical 

sensitivity enhancement of the DEPT technique is often not realized in 

practice because of pulse imperfections and/or variations in C-E coupling 

constants rithin a compound. Hence the enhancement produced by DEPT is often 

not significantly different from that obtained in a conventional broadband 

decoupled "C! spectrum. In the case of proteins, however, NOE enhancements are 

Often significantly less than the theoretical maximum factor of 3, and hence 

DEPT has a clear sensitivity advantage. 

This sensitivity advantage is illustrated in Figure 3, which shone a 

partial "C spectrum of insulin using broadband 'H irradiation and DEPT. Note 
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Figure 3. Illustration of signal-to-noise improvement DEPT s WOE. Expansion 
of the backbone and aromatic region in the "C NNR spectrum of 
ZnIn. (a) DEPT spectrum, (b) HOE spectrum. 

than even though many resonances in the upper trace shou a moderate NOE 

(Table 1). the sensitivity gain of DEPT is substantial. The effects are even 

more significant in larger proteins (eg, TTR), where NOE's are often reduced 

to around the theoretical minimum of 1.16. 

13C spin-lattice relaxation time, Tt, measurements have been used 

extensively as a method of estimating the effective rotational correlation 

time (ZR) for overall reorientation of large molecules in solution, and to 

identify regions of rapid internal motion nithin a protein [171. The overall 

correlation time, ZR, is normally obtained From TI data For CH backbone 

carbons, peaks foe which usually appear in the range 50-60 ppm. However, 

arbitrary selection of a peak in this region may lead to a mis-estimate of 

TR, since resonances for more mobile serine sidechain CHZ carbons can also 

occur in this region. As noted above, the DEPT technique overcomes this 

difficulty, and by aiding the unambiguous assignment of "C resonances for a 

number of residues, allons mobility in several regions of the proteins to be 

determined. 
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Table 1 

sme "C spin-lattice CT,) relaxation tlmasaA nuclear Overheuser (WOE) meee"rele,,tS, rotationel correlation 
tines (%R), and lineeidtha (LR) in traasthyretin (TTR) and zinc ineulin (ZnIn) For beokbone CC+%, tyroeine 

(C-E) and ssrine CC-@) carbons 

"Tl 

Trenethyretin Insulin 
NOB TR LUd "71 NOE TR Lnd 

c-a ( nlnjc 0. 44 (0. 45) 1.1 (1.21 14 - (20) 0. 22 (0. 23) 1.5 (1.21 6. 3 - (9.41 

( maxI’ 0.89 (0.90 1.1 (1.0 29 - (40) 0. 30 ( 0. 301 1.5 (1.21 9. 3 - (13.3) 

O-E TYP 0.77 IO. 781 1.1 0.1) 25 - 13k) 0.19 (o.tnl 1.6 0.2) 5. 0 - (8.01 

C-p. ser (min) 0. 26 (0. 261 1.4 (1.2) 7. 8 - (10 0. 30 (0. 30) (.6 (1.21 9. 2 - (13.0) 

( clax1 0. 49 (0. 501 I.2 Cl.21 15. I - (20 

*The T ,  and WOE "aloes (IPB the everege OF tro determinations. The eccwecy of the 11 end HOE determinations is estimated 
at 220% For TTR and flOX For 201% HTr's we given in seconds end correlation times in nenoseaoads. tN is tbc number OF 

attached protons.) 

"values in parentheses et-e theoretical vslues derived using the indicated correlation time. 

Clliniwm and maximum values reFer to different peaks within the envelopes For C-(Yand C-pcarbons. 

doverlap precluded eccurete aeasuresents of experimental lineeldths but spproxirats values we 25 %a For TTR and 8 Ba 
t-or znrn. 

Under conditions of continuous proton irradiation, the relaxation of 

protonated carbons is exponential and is dominated by dipole-dipole inter- 

actions with directly bonded protons, even at 75 Hllz C181. The relaxation time 

is therefore defined by equation (I). 

1 = 
z 

Nfi*yc*y~* 7.R + 371 + 67, (11 

1 Drerc* 1 + (wc-w")2TR2 1 + WC2TR2 1 + twe+W"1'7n2 1 
where ye and yn are the gyromagnetic ratios of 'JC and 'H, N is the number of 

directly bonded hydrogens, rck is the C-E distance, WC and WH are the 13C and 

'H resonance frequencies, and ZR is the correlation time for isotropic 

rotational reorientation. 

Table 1 contains representative values of the spin-lattice relaxation 

times, nuclear Overhauser enhancements (NOE's), and derived rotational 

correlation times for the C-u backbone carbons and some aromatic and aliphatic 

sidechain carbons of both TTR and ZnIn. There are two possible solutions from 

equation (I) for 'CR at this Field-strength, and it is possible to discriminate 

betneen these by measurement of the NOE For the backbone carbons. For both 

proteins, the C-u carbons display a small nuclear Overheuser enhancement 

(1.1-1.61 consistent with a correlation time in the spin diffusion' limit 
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(WoTR > 1). The alternative solution (w.zn << I) xould be expected to yield 

the maximum NOE of 2.90 and the spectra rould also be expected to display Far 

sharper resonances of less than 2 Hz linenidth, nhich is not consistent with 

the observed spectra. 

Resonances aithin the C-E backbone region For TTR display Tr values which 

range From 0.44 to 0.89 s. Analysis of these data by the HOLDYN program [91, 

assuming purely isotropic motion, yielded values For the rotational 

correlation time ranging betneen 14 and 29 ns. The backbone resonances For 

ZnIn relax slightly Faster and have Ti's ranging between 0.22 and 0.31 s. The 

derived values of TR are therefore between 6.3 and 9.3 ns. It is interesting 

to note that substitution of these correlation times into the theoretical 

expression For NOE, which is related to equation Cl), yields predicted NOE's 

in agreement with the experimental result For TTR, but not For insulin (Table 

1). This suggests that the model of isotropic motion of the backbone may not 

be appropriate For insulin, and there may be significant internal motion in 

this protein relative to TTR. Multiple-Field 13C relaxation measurements are 

underway to try to better define the solution dynamics of insulin. 

The serine residues in the two proteins are of particular interest to us 

because in both cases, some of the serines are located near potential 

ligand-binding sites. A number of the peaks From the 11 serine residues in 

TTR are resolved, and the relaxation data in Table 1 indicate a significant 

variation in the mobility of these residues. By contrast, the three serines in 

insulin yield a single peak with a relaxation time not significantly different 

From that of the backbone. The relative restriction of the serine residues in 

insulin is consistent with the Fact that all three serines are located within 

two residues of cysteine disulphide linkages. In TTR no such restrictive 

linkages exist. 

The serine Tl data also conveniently illustrate the point that TI 

measurements alone cannot be used as an assignment criterion in "C NtlR 

spectroscopy of proteins. For organic compounds, Tt For a CHz group is often 

half that of a CH group undergoing similar motion, and so peak multiplicity 
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can often be decided on the basis of Tt. This also applies to TTR, where the 

relative mobility of the serine CHZ groups leads to a reduction in their TI'S 

relative to backbone CA carbons, and the presence of two protons leads to a 

further reduction in Tl. The result is that in TTR serine Tt's (0.13-0.25 s) 

are quite distinct from backbone CB's (0.44-0.89 s) which occur in the same 

chemical shift region. By contrast, insulin is a slightly faster-tumbling 

protein. and has a correlation time closer to the TI minimum described by 

equation (11, with the result that variations in internal motion (eg of 

serines) have a smaller effect on observed TI values. The net result is a 

reduced discrimination betreen serine Tl values (0.15 s) and those of backbone 

CB carbons in the same spectral region (0.22-0.30). 

In summary, it has been shoRn that the DEPT technique is extremely 

valuable for the simplification and assignment of protein 13C NHR spectra, and 

that significant gains in sensitivity can be achieved relative to conventional 

broadband decoupled spectra. The technique has been applied to proteins of 

36,000 (ZnInl and 54,000 (TTR) molecular weight. Subsequent to assignments 

being made with the aid of DEPT, relaxation time measurements have provided 

information on the mobility of these proteins in solution, 
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