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ABSTRACT: Nearly complete proton resonance assignment of the rabbit antimicrobial peptide NP-5 has 
been made from two-dimensional N M R  data taken a t  a single temperature. The assignment procedure 
involved acquisition of phase-sensitive double-quantum-filtered correlation spectra, relayed coherence-transfer 
spectra, total correlation (homonuclear Hartmann-Hahn) spectra, double- and triple-quantum spectra, and 
nuclear Overhauser effect spectra. The combination of these complementary experiments simplified and 
accelerated resonance assignment of the peptide. Individual assignments were made at 20 OC for all amide 
and C" protons in the peptide, and for all nonlabile side-chain protons on 26 of the 33 amino acid residues 
in NP-5. Analysis of the proton-proton nuclear Overhauser effect connectivities, the slowly exchanging 
amide protons, and the proton chemical shifts in NP-5 indicates that the peptide has a stable, ordered structure 
in solution. These data also indicate that residues 19-29 in NP-5 are involved in an antiparallel @sheet 
that has a hairpin conformation. 

N e u t r o p h i l  peptide 5 (NP-5)I belongs to a recently char- 
acterized family of naturally occurring broad-spectrum an- 
timicrobial peptides termed defensins (Selsted et al., 1985a,b). 
These low molecular weight cationic peptides form part of the 
oxygen-independent antimicrobial mammalian defense system. 
Six rabbit peptides (Selsted et al., 1985a), three human pep- 
tides (Selsted et al., 1985b), and one guinea pig peptide have 
been isolated and shown to possess activity against Gram- 
positive and Gram-negative bacteria (Selsted et al., 1984), 
fungi (Lehrer et al., 1985a), and herpes simplex virus (Lehrer 
et al., 1985b). These homologous peptides are all cysteine- 
and arginine-rich, are 29-34 residues in length, and have 8 
conserved residues in the whole family. In addition to the 
biochemical studies, a member of the defensin family is being 
studied by X-ray crystallography (Westbrook et al., 1984). 

Application of 2D NMR techniques has led to nearly com- 
plete resonance assignment of the 'H NMR spectra of a 
number of proteins (Wuethrich et al., 1982; Wagner & 
Wuethrich, 1982a; Wemmer & Kallenbach, 1983; Zuiderweg 
et al., 1983). Once proton resonance assignments have been 
made, it is possible to use information derived from 2D NMR 
spectra to probe the secondary (Wuethrich et al., 1984; Pardi 
et al., 1984; Wagner et al., 1986) and tertiary (Kaptein et al., 
1985; Have1 & Wuethrich, 1985; Williamson et al., 1985; 
Bruenger et al., 1986) structure of the protein in solution. The 
rate-limiting step in using N M R  data to generate three-di- 
mensional structures of proteins in solution is generally reso- 
nance assignment of the *H N M R  spectrum. Therefore, it 
is important to develop strategies for accelerating the as- 
signment process. In this paper we describe a procedure for 

making resonance assignments in proteins that involves ap- 
plication of a number of recently developed 2D NMR tech- 
niques. The improved assignment procedure consists of ac- 
quisition of two-dimensional double- and triple-quantum 
spectra, two-dimensional total correlation spectra, and relayed 
coherence-transfer spectra, in addition to standard DQF- 
COSY and NOESY spectra. 2D spectra involving the ex- 
changeable amide protons were acquired in 90% H 2 0  by using 
DQ and modified NOESY pulse sequences where loss of any 
cross-peaks near the water signal was avoided. Application 
of the techniques outlined here can enormously facilitate the 
sequential resonance assignment process and also leads to 
greater confidence in the resonance assignments once they have 
been made. This improved methodology for making sequential 
resonance assignments in proteins is illustrated by assignment 
of the antimicrobial peptide NP-5. Structural information on 
NP-5 derived from these NMR data is also discussed. 

MATERIALS AND METHODS 

Rabbit NP-5 was isolated and purified as previously de- 
scribed (Selsted et al., 1984). Samples were prepared at a 
concentration of 7 mM peptide in 10 mM sodium phosphate 
buffer, pH 3.5. The peptide was dissolved in 0.5 mL of 90% 
H20/10% D,O for the H 2 0  experiments. For the D 2 0  ex- 
periments the peptide was dissolved in 99.8% D 2 0  (Stohler 
Isotopes) and the labile protons were exchanged by repeated 
lyophilization and redissolution in D20.  The final D 2 0  NMR 
sample was dissolved in 0.5 mL of 99.996% D 2 0  (Stohler 
Isotopes) under nitrogen. The pH (or pD) of both samples 
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was adjusted to pH 3.50 f 0.04, this value being the uncor- 
rected pH meter reading measured at room temperature. For 
spectra containing the slowly exchanging amide protons in 
NP-5, the sample was dissolved in buffer, adjusted to pH 3.5, 
and lyophilized. It was then redissolved in D 2 0  at pH 3.5, 
and a double-quantum-filtered COSY (Piantini et al., 1982; 
Shaka & Freeman, 1983) experiment was immediately ac- 
quired. 

The 2D NMR spectra were recorded on a Varian XL-400 
spectrometer operating at 400 MHz with a sample temperature 
of 19.8 f 0.5 "C. All spectra were acquired in the phase- 
sensitive absorption mode with quadrature detection in both 
dimensions (Mueller & Ernst, 1978; States et al., 1982). 
Quadration detection during the evolution time, t, ,  was ac- 
complished by separately storing two FIDs for each t l  value. 
The second FID of each pair had the phase of all pulses prior 
to the tl period shifted by 90°/n relative to their phase in the 
first FID, where n is the quantum number of the coherence 
that evolves during t,. This corresponds to a 90' phase shift 
for all the 2D spectra discussed here except for the double- 
quantum and triple-quantum experiments, which required 45" 
and 30" phase shifts, respectively. The method of "phase 
pulses" (Guittet et al., 1985) was used to obtain phase shifts 
that are not multiples of 90". The carrier frequency was 
centered on the water signal, and a recycle delay of 1 .O-1.5 
s was used in all spectra. The spectral width was 4500 Hz 
in the acquisition period, t2, in all 2D spectra, and 4500 Hz 
in tl for all spectra except the triple-quantum spectroscopy 
experiment, which had a spectral width of 6750 Hz in t,. All 
2D spectra were collected in the following form: 5 12 or 1024 
complex points in t2, 256-512 complex FIDs in t,, and 64-160 
transients for each FID. For each spectrum both time domain 
data sets were multiplied by a 0-90" phase-shifted sine bell 
window function and then zero filled to 1024 complex points 
before Fourier transformation. For the multiple-quantum 
spectra, the spectral width was set such that the spectra were 
folded in w 1  in order to improve digital resolution. These 
spectra were unfolded by appropriate shifting of the 2D data 
matrix after Fourier transformation. The quadrature pairs 
of FIDs for the first t ,  value in all 2D spectra were mutliplied 
by 0.5 after Fourier transformation along t2 in order to elim- 
inate t, ridge artifacts (Otting et al., 1986). All data processing 
was done on a VAX 1 11750 or micro VAX I1 computer using 
the FORTRAN program FTNMR kindly provided by Dr. D. 
Hare. 

2 0  NMR Experiments in D 2 0 .  Continuous low-power 
irradiation of the residual water signal was applied during the 
recycle time in all D 2 0  spectra. The DQF-COSY spectrum 
(Piantini et al., 1982; Shaka & Freeman, 1983) and the 
NOESY spectrum (Macura & Ernst, 1980) with 200-ms 
mixing time were recorded by standard methods. The 
MLEV-17 pulse sequence (Bax & Davis, 1985) was used to 
drive the coherence transfer in the TOCSY or HOHAHA 
experiment (Braunsweiler & Ernst, 1983; Davis & Bax, 1985) 
on NP-5. A 7.8-kHz rf field was used for the MLEV-17 spin 
lock pulse whereas a normal full-power pulse was used for the 
90" pulse. The spin lock field was applied for 72 ms so that 
coherence could be transferred through a number of protons 
on the amino acid side chains (Bax & Davis, 1985; Summers 
et al., 1986). The triple-quantum spectrum (Wokaun & Ernst, 
1977; Rance & Wright, 1985) was recorded with a multi- 
ple-quantum excitation time of 71 ms, which corresponds to 
optimal excitation between protons with J couplings of 7 Hz. 

2D NMR Experiments in H 2 0 .  Continuous low-power 
irradiation of the H 2 0  signal was applied during the recycle 

time in all 2D spectra in H 2 0  except for the NOESY spectra. 
For all H 2 0  spectra a fifth-order polynomial base-line cor- 
rection routine was applied to the amide region of the fre- 
quency domain spectra after Fourier transformation and phase 
correction in t2,  but prior to the tl transform. This procedure 
eliminates modulation of the base line caused by the tail of 
the water signal and enormously reduces "t1 noise" produced 
by variation of the phase, and the degree of suppression, of 
the water signal for different t l  values. 

The DQF-COSY and RELAYED-COSY (Eich et al., 
1982; Wagner, 1983) spectra in H 2 0  were acquired by 
standard methods. A double-quantum spectrum in H 2 0  
(Wokaun & Ernst, 1977; Wagner & Zuiderweg, 1983) was 
acquired with a multiple-quantum excitation time of 7 1 ms, 
which corresponds to optimal excitation between protons with 
J couplings of 7 Hz. NOESY spectra with mixing times of 
200 and 400 ms were acquired with no water irradiation where 
the water signal was reduced by application of a binomial 1331 
water suppression 90" pulse (Hore, 1983) as the detection 
pulse. This pulse sequence has the form (Schwartz & Cutnell, 
1983): 

[-t~-90"-t~-90"-Tm-9~'( 133 1)-t2-In 

where to is the recycle time and 7, the mixing time during 
which the NOE develops. The transverse magnetization of 
the water signal excited by the first two 90" pulses in this 
NOESY pulse sequence relaxes during the long mixing times 
used here. This method of acquiring NOESY spectra in H 2 0  
makes it possible to detect all NOES involving the ex- 
changeable amide protons in the molecule, even those NOES 
for C" protons directly under the water signal. 

RESULTS 
Strategy for Sequential Resonance Assignment. Techniques 

for resonance assignment of proteins have been previously 
described by Wuethrich and co-workers (Wuethrich et al., 
1983; Neuhaus et al., 1985) and will be only briefly discussed 
here. The first step in the assignment procedure is to identify 
resonances belonging to the same amino acid residue. This 
information can be obtained from a variety of experiments that 
probe through-bond J-coupling connectivities between protons 
belonging to the same spin system. The pattern of these 
connectivities in the 2D spectrum is then used to classify the 
spin system to a specific amino acid type, or to a class of amino 
acid types. In addition to J-coupling information, through- 
space NOE information allows identification of certain amino 
acid types. For example, in aromatic amino acids NOES are 
used to connect the backbone and C@ protons in an individual 
spin system to their aromatic protons. Once identification of 
amino acid type, or class of amino acid types, has been made, 
NOE connectivities are used to "walk" from one residue to 
its nearest-neighbor residues in the amino acid sequence. 
Statistical studies of protein crystal structures show that most 
short proton-proton distances arise from intraresidue inter- 
actions or nearest-neighbor residue interactions (Billeter et al., 
1982). The majority of the short distances between neigh- 
boring residues involve an amide proton and the amide, C", 
or Co protons on the neighboring residue. The following no- 
tation is commonly used to describe these distances (Wuethrich 
et al., 1984): 

daN = d(C"Hj,NHj+l) d" = d(NHj,NHj+l) 
doN = d(C@Hi,NHi+l) 

The information on amino acid type, along with NOES 
between neighboring residues, is then combined with the known 
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Table I: Complete Sequential Connectivity Diagram for NP-5 
* * *  * * * * * *  NH 

d p  - - - -- - -- 
dClN 

h -- - - - - 
V F C T C R G F L1$ G S G E l ? "  S G S 2 s  T I N G V R H T L C R R 
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dZ (PPm) 

FIGURE 1 :  Contour plot of the 'H DQF-COSY spectrum of NP-5 
in DzO. Proton-proton J-coupling connectivities are shown for the 
Val-1, Cys-3, and Thr-21 spin systems. Positive and negative contours 
are plotted in the figure. 

amino acid sequence to give sequential resonance assignment 
of the protein. Once complete resonance assignments have 
been made, it is possible to use NOE distance data (Wuethrich 
et al., 1982; Wemmer & Kallenbach, 1983; Williamson et al., 
1984), J-coupling constant data (Pardi et al., 1984), and 
chemical shift information (Bundi & Wuethrich, 1979; Pardi 
et al., 1983) to generate three-dimensional structures of pro- 
teins in solution (Williamson et al., 1985; Kaptein et al., 1985; 
Have1 & Wuethrich, 1985; Bruenger et al., 1986). 

Spin-System Assignments and Identification of Amino Acid 
Type in NP-5. Table I gives the amino acid sequence of NP-5 
and shows that NP-5 contains several amino acid types with 
unique spin systems, including Ala-16, five Arg residues, 
Glu-14, five Gly residues, Ile-22, two Leu residues, three Thr 
residues, and two Val residues. The peptide also contains 13 
"AMX spin systems" (Wider et al., 1982) consisting of Asn-23, 
six Cys residues, His-27, two Phe residues, and three Ser 
residues. The method used to identify amino acid type in NP-5 
involved acquisition of three 2D N M R  experiments in D20 ;  
a DQF-COSY experiment, a TQ experiment, and a TOCSY 
experiment. The DQF-COSY experiment gives connectivities 
between directly coupled protons (Piantini et al., 1982; Shaka 
& Freeman, 1983). Figure 1 shows a contour plot of a 
phase-sensitive absorption mode DQF-COSY spectrum of 
NP-5. The assignment of the amino acid spin systems on 
Val-1, Cys-3, and Thr-21 are illustrated in the figure. In 
DQF-COSY spectra the cross-peaks have antiphase character, 

It 
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FIGURE 2: Contour plot of the C" and C@ proton region of the TQ 
spectrum of NP-5 in D20. Triple-quantum frequencies are plotted 
along w1 and single-quantum frequencies along w2. Positive and 
negative contour levels are plotted in the figure. The horizontal lines 
connect the C" protons to the C@ protons in the same spin system. 
The Phe-2, Phe-8, Ser-12, Ser-17, Ser-19, Asn-23, His-27, and Cys-31 
spin systems are illustrated. 

and the sign and multiplet patterns of individual cross-peaks 
facilitated the identification of spin-coupling partners in 
crowded regions of this spectrum. A large number of amino 
acid spin systems were partially or completely assigned from 
this spectrum. 

The major limitation in using DQF-COSY spectra to an- 
alyze J-coupling connectivities arises from overlap of reso- 
nances in different spin systems. This overlap often prevents 
unambiguous assignment of resonances to a specific spin 
system. One method for resolving these ambiguities is to use 
multiple-quantum spectroscopy (Wokaun & Ernst, 1977; 
Bodenhausen, 1981; Rance & Wright, 1985). Many ambi- 
guities involving assignment of the C" and Cis protons in NP-5 
were resolved by acquisition of a 2D triple-quantum experi- 
ment. This experiment selects for three-quantum coherence 
during the evolution time which is then transferred to sin- 
gle-quantum coherence on the individual spins. Such infor- 
mation is extremely helpful in mapping connectivities involving 
a C" proton and its two neighboring Cis protons. Figure 2 
shows a contour plot of a TQ experiment on NP-5. An ex- 
ample of how a TQ experiment can enormously facilitate 
spin-system assignments is illustrated by the assignment of 
Ser-12 and Ser-19 in NP-5. The C" protons of Ser-12 and 
Ser-19 have chemical shifts of 4.24 and 5.27 ppm, respectively, 
while all four Cis protons have chemical shifts of 3.88 ppm. 
Initial inspection of the DQF-COSY spectrum indicated that 
all these resonances originated from one AMX spin system 
with the C" proton at 5.27 ppm and the two C@ protons at 4.24 
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1985) was used for the spin lock pulse. This figure shows a 
contour plot of the phase-sensitive version of this experiment 
where the cross-peaks have predominantly absorption mode 
character with a minor dispersion component (Davis & Bax, 
1985). Connectivities between the C" proton and the CB and 
CY protons on Val-25, and between the C" proton and the Cb, 
CY, and C* protons on Leu-29, are illustrated in the figure. 
This isotropic mixing experiment gave much more efficient 
transfer of magnetization than the RELAYED-COSY ex- 
periment on NP-5 (data not shown). Detailed analysis of this 
isotropic mixing spectrum by itself and in combination with 
the DQF-COSY and TQ data allowed complete assignment 
of many extended amino acid spin systems in NP-5. 

The spin-system assignments of aromatic protons in NP-5 
were made from analysis of 1 D spectra and the DQF-COSY 
spectrum. Further analysis of the D 2 0  NOESY spectrum 
allowed connectivities to be made from these aromatic protons 
to their CB protons on the two Phe residues and His-27. Once 
all the spin-system assignments to amino acid types were 
complete, it was possible in certain cases to assign these res- 
onances to specific amino acids in the peptide. For example, 
the assignment of Ile-22 and His-27 was accomplished because 
both residues have unique spin-system types in NP-5. These 
amino acid residues provide valuable starting points for se- 
quential resonance assignment of the rest of the peptide. 

The sequential resonance assignment procedure in proteins 
centers on the amide protons. Therefore, it is critical to attach 
the amide protons to the spin systems assigned above. Figure 
4A shows the C*H-NH "fingerprint" region of a DQF-COSY 
spectrum of NP-5 in H20. Continuous selective preirradiation 
of HzO signal was used to suppress the large water signal for 
the spectra in HzO. The amount of power needed to effectively 
suppress the H 2 0  signal in this DQF-COSY spectrum also 
saturated 12 C" protons near the water signal. A DQ spectrum 
in H 2 0  (with the same irradiation power level) was acquired 
to gain information on these C" protons. As discussed by 
Otting and Wuethrich (1986), it is possible to excite dou- 
ble-quantum C"H-NH coherence in a DQ experiment even 
when this single-quantum C"H frequency is saturated. Figure 
4B shows a DQ spectrum of NP-5 in HzO where the 2D data 
matrix has been shifted to remove the N H  frequency in o1 
(Zuiderweg, 1986). This shifting allows the DQ spectrum to 
be presented in the same form as the DQF-COSY spectrum. 
Comparison of spectra A and B of Figure 4 shows that the 
C"H-NH cross-peaks that were bleached out by water satu- 
ration in the DQF-COSY spectrum are readily observed in 
the DQ spectrum. Combining both these spectra, 31 of 32 
C"H-NH cross-peaks in NP-5 are observed and are identified 
in Figure 4. The only C"H-NH cross-peak missing was for 
Leu-29, which was subsequently identified in the NOESY 
spectra. The absence of this cross-peak probably means that 
the JaNH coupling constant is small for this residue. 

When there are degeneracies of C"H chemical shifts in the 
protein, it is not always possible to assign a particular amide 
proton to a specific spin system. To overcome such ambigu- 
ities, a RELAYED-COSY experiment in HzO was acquired 
on NP-5. This experiment gives intraresidue CpH-NH con- 
nectivities in the molecule. This information was combined 
with the spin-system assignments to clear up ambiguities that 
were present in the DQF-COSY or DQ data sets. At this point 
in the assignment procedure, all the amide protons were 
connected to specific spin systems in the molecule. These spin 
systems were also classified to a specific amino acid type, or 
class of amino acid types. The next step involved the use of 
NOES between neighboring residues to "walk" down the 
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FIGURE 3: Contour plot of the 'H TOCSY spectrum of NP-5 in D20. 
C"H chemical shifts appear along the w2 axis while the CP, CY, and 
C6 chemical shifts appear along the w ,  axis. For Val-25, connectivities 
from the CPH and C methyl protons to the C" proton are shown. 
Similarly, for Leu-29, connectivities from all the side-chain protons 
to the C" proton are shown. 

and 3.88 ppm. Only one C"H-CBH cross-peak was observed 
in the DQF-COSY spectrum, but this is often seen in an AMX 
spin system where one Jab is small. Analysis of the TQ 
spectrum in Figure 2 immediately reveals that these resonances 
originate from two AMX spin systems (which were subse- 
quently assigned to Ser-12 and Ser-19). For each of these 
AMX spin systems, both CB protons have degenerate chemical 
shifts, so no CBH-CBH cross-peaks are observed in the 
DQF-COSY spectrum. Such degeneracies are obvious in the 
TQ spectrum where cross-peaks occur at the three-quantum 
frequency, 6, + a,, + aB2, in w , .  If the single-quantum fre- 
quencies of only two of the three protons are known, the third 
can be calculated from the measured triple-quantum fre- 
quency. In this way, the TQ experiment resolved a number 
of ambiguities in the DQF-COSY spectrum and also provided 
independent confirming evidence for many assignments made 
from the DQF-COSY spectrum. 

For amino acid residues with spin systems larger than an 
AMX system, it is sometimes difficult to follow connectivities 
past the CB protons to the CY or C6 protons because of spectral 
overlap. Techniques for relaying magnetization between 
protons that are not directly coupled are extremely useful for 
overcoming such difficulties. A RELAYED-COSY experi- 
ment (Eich et al., 1982; Wagner, 1983) performs a single relay 
of magnetization beyond the directly coupled protons. Ex- 
tension of this technique to multiple relays is limited in proteins 
because of relaxation during the multiple coherence-transfer 
times. A more powerful method for obtaining multiple relays 
was proposed by Ernst and co-workers and involves application 
of an isotropic mixing technique (Brausweiler & Ernst, 1983). 
This TOCSY or HOHAHA (Davis & Bax, 1985) experiment 
gives quite efficient multiple relay of magnetization throughout 
a spin system. Figure 3 shows a portion of the TOCSY 
spectrum on NP-5 where a MLEV-17 sequence (Bax & Davis, 
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FIGURE 4: Contour plots of the C"H-NH fingerprint region of NP-5 
in H20: (A) DQF-COSY spectrum; (B) DQ spectrum. The DQ 
spectrum was shifted to the same scale as the DQF-COSY spectrum 
by subtraction of the NH frequency in w1 (see text). Positive and 
negative contours are plotted in both spectra. C"H-NH cross-peaks 
are labeled with standard single-letter amino acid abbrevatiations. 
Thirty-one of the 32 C"H-NH cross-peaks are visible in these spectra. 
The only resonances that are labeled in the DQ spectrum (spectrum 
B) are those that were not observed in the DQF-COSY spectrum 
because of water irradiation (see text). 

peptide backbone and make sequential assignment of the 
molecule. 

Sequential Resonance Assignment of NP-5. A NOESY 
spectrum in H20 was acquired on NP-5 to search for NOEs 
between protons on neighboring amino acid residues. Figure 
5 shows a portion of a NOESY spectrum in H20  where the 
H20 signal was reduced by application of a water suppression 
pulse as the final pulse in the pulse sequence. This spectrum 
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FIGURE 5: Contour plot of a portion of the 400-ms 'H NOESY 
spectrum of NP-5 in H20 showing several NOE connectivities from 
amide protons to the C@ protons of the preceding residue (dm). Three 
examples where dBT connectivities are observed between an amide 
proton and both C protons of the preceding residue are illustrated: 
T4 to C3, G11 to C10, and T28 to H27. Standard single-letter amino 
acid abbreviations are used. 

has equivalent signal to noise to a NOESY spectrum taken 
with water irradiation (data not shown), but no cross-peaks 
near the water signal at 4.8 ppm were lost from preirradiatian 
at the water frequency. Thus all NOEs involving amide 
protons were obtained from a single NOESY spectrum. Se- 
quential assignments were then made by combining this 
NOESY spectrum with the DQ and DQF-COSY spectra in 
H20.  

For NP-5 the sequential resonance assignment started at 
a number of places in the amino acid sequence. These starting 
points included Ile-22 and His-27, both of which have unique 
spin-system types in NP-5. Other useful starting points cen- 
tered on the two Val and two Phe residues. The amide proton 
on one of the Phe residues showed an NOE to the C", C@, and 
C6 protons on a Val residue. The only Val-Phe sequence in 
NP-5 is Val-1-Phe-2. These assignments were supported by 
the fact that no C"H-NH cross-peak was observed for this 
Val residue, confirming that it was the amino-terminal residue. 
This result immediately led to the assignment of Val-25 and 
Phe-8, which were then used as additional starting points in 
the sequential assignment. As previously discussed (Wagner 
& Zuiderweg, 1983), a DQ spectrum in H20 is extremely 
useful for selecting amide protons on glycine residues because 
of their distinct C"'H-CU2H double-quantum frequency. Four 
of the five glycine amide and C" protons were identified by 
this procedure in the DQ spectrum. When sequential as- 
signments from these glycine residues were traced out, an 
AMX-Gly-AMX-Gly connectivity pattern was observed. 
Inspection of the NP-5 sequence shows that this pattern only 
occurs for the Cys-Gly-Ser-Gly sequence on residues 10-1 3. 

Figure 6 shows an example of how the daN connectivities 
given in Table I were identified in NP-5. A combined 
DQF-COSY (and DQ)/NOESY diagram is shown where the 
daN connectivities from Phe-2 to Phe-8 are identified. Starting 
on the DQF-COSY spectrum with the C"H-NH J-coupling 
connectivity on Phe-8, the connectivity proceeds at constant 
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Table 11: Chemical Shifts, 6 ,  for the Assigned Proton Resonances of 
NP-5 at 20 "C, in 10 mM Sodium Phosphate, pH 3.5' 
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FIGURE 6:  Combined DQF-COSY (and DQ)/NOESY connectivity 
diagram for sequential resonance assignment showing NOEs between 
amide protons and C" protons of the preceding residue (daN),  The 
upper left corner contains the fingerprint region of the 200-ms NOBY 
experiment on NP-5. The lower right-hand corner contains the 
DQF-COSY and DQ spectra shown in Figure 4. The two spectra 
have been overlayed so that all the observed C"H-NH cross-peaks 
are shown in this figure. The lines and arrows indicate connectivities 
between residues Phe-8 to Phe-2. The arrow in the lower right-hand 
spectra indicates the start of this daN connectivity. Chemical shifts 
of the amide protons are annotated in the lower left corner, while the 
chemical shifts of the C" protons are given in the upper right. Standard 
single-letter amino acid abbreviations are used. 
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FIGURE 7: Contour plot of the NH-NH region of the 400-ms 'H 
NOESY spectrum of NP-5 in H20. Cross-peaks from individual 
residues are labeled with their standard single-letter amino acid 
abbreviations. Five stretches of short dm connectivities are observed: 
R6-G7, F8-L9, S12-Gl3-El4, S17-Gl8, N23-G24-V25, and 
C31-R32-R33. One nonsequential NH-NH NOE is observed: C20 
to H27. 

NH chemical shift to the NOESY spectrum, where a cross- 
peak is observed to a C" proton on Gly-7. This connectivity 
then proceeds to the DQF-COSY spectrum, where the C"H- 
NH J-coupling connectivity on Gly-7 is identified. The con- 
nectivity continues in this manner until Phe-2. The other daN 
connectivities observed in NP-5 were identified by similar 
analysis. 

amino 
acid 

residue N H  C"H CSH others 

Phe-2 8.99 4.85 3.06, 3.06 ring 7.25 

Thr-4 9.11 4.38 3.86 CYH3 1.15 

Arg-6 9.01 4.37 1.68, 1.68 CYH 1.52; C*H 3.23 

Val- 1 4.01 2.24 C'Hg 1.06, 1.06 

CYS-3 8.57 5.71 3.10, 2.59 

CYS-5 8.94 4.99 3.08, 2.78 

Gly-7 8.36 3.84 
3.69 

Phe-8 8.45 4.88 3.18, 3.18 ring 7.35 
Leu-9 8.07 4.53 1.71, 1.56 C'H 1.61; CYH3 0.98, 0.88 
Cys-10 8.80 4.99 3.31, 2.72 
Gly-11 8.68 4.33 

3.71 
Ser-12 8.52 4.24 3.88, 3.88 
GIy-13 9.02 4.11 

3.91 
Glu-14 7.78 4.88 2.28 CYH 1.58 
Arg-15 9.01 4.73 1.72, 1.65 CYH 1.60; C6H 3.19 
Ala-16 9.19 4.66 1.49 
Ser-17 9.31 4.85 4.02, 3.47 
Gly-18 8.00 4.57 

3.88 
Ser-19 8.66 5.27 3.88, 3.88 

Thr-21 8.74 5.19 3.77 CYH3 0.97 
Ile-22 8.52 4.39 1.61 CTH 1.47, 1.09; CpH, 0.72 

C6H3 0.69 
Asn-23 9.72 4.43 3.13, 2.80 

CYS-20 8.55 5.00 3.64, 3.20 

Gly-24 8.52 4.17 
3.54 

Val-25 7.80 4.15 2.04 C'H3 0.96, 0.78 
Arg-26 8.54 4.71 1.77 
His-27 9.24 4.95 3.60, 2.90 C2H 8.69; C4H 6.43 
Thr-28 8.41 4.54 3.89 O H 3  1.28 
Leu-29 8.52 4.65 1.61 CYH 1.38; C6H3 0.85, 0.76 
CYS-30 8.76 5.27 2.94, 2.83 
CYS-31 8.77 5.69 2.96, 2.96 
Arg-32 9.03 4.70 2.03, 2.03 CYH 1.88; C6H 3.25 
Arg-33 8.26 4.14 1.84, 1.73 CYH 1.60; C*H 3.20 
'The chemical shifts, 8, have errors of h0.03 ppm and are relative to 

the H 2 0  or HOD resonance that resonates at 4.85 ppm relative to so- 
dium 3-(trimethylsilyl)propionate-2,2,3,3-d4 under these conditions. 
Where no numbers are given in the column, individual resonance as- 
signments were not obtained. 

A large number of d,, connectivities were observed in NP-5 
and aided the sequential assignment. Figure 5 shows several 
of these connectivities, including NOEs from the amide protons 
on residues Thr-4, Gly-1 1, and Thr-28 to the Cfl protons on 
residues Cys-3, Cys- 10, and His-27, respectively. The other 
dpN connectivities identified in NP-5 are given in Table I. 

Figure 7 shows the NH-NH region of the NOESY spec- 
trum of NP-5 in H20  from which dNN connectivities were 
identified. As seen in the figure and Table I, no long stretches 
of dNN connectivities were observed in NP-5. Extension of 
these and other NOE connectivities gives the complete con- 
nectivity patterns for NP-5 listed in Table I. The proton 
chemical shifts for NP-5 at  20 OC are listed in Table 11. 

DISCUSSION 
Sequential Assignment Methodology. The basic principles 

underlying the sequential resonance assignment procedure in 
proteins by 2D NMR have not changed since its introduction 
by Wuethrich and co-workers (Wuethrich et al., 1983). 
However, since that time there has been tremendous devel- 
opment of 2D NMR techniques which can simplify and ac- 
celerate the assignment procedure. For example, acquisition 
of absorption-mode phase-sensitive 2D NMR spectra gives 
enormously improved resolution over absolute value mode 



N M R  S T U D I E S  O F  A N T I M I C R O B I A L  P E P T I D E  V O L .  2 6 ,  N O .  1 4 ,  1 9 8 7  4395 

spectra (States et al., 1982; Marion & Wuethrich, 1983). 
Absorption-mode presentation also makes it possible to use 
the sign and multiplet patterns of cross-peaks to distinguish 
weak cross-peaks from noise and to sort out J-coupling con- 
nectivities in crowded regions of the spectrum (Neuhaus et 
al., 1985; Boyd & Redfield, 1986). A crucial step in the 
resonance assignment of a protein is the acquisition of 2D 
spectra in HzO. The standard approach involves continuous 
low-power irradiation of the water signal during the 2D ex- 
periment (Wider et al., 1983). Such irradiation can also lead 
to saturation of protein resonances, and loss of information 
from these protons can seriously impede the assignment pro- 
cess. A different approach was used here to assign NP-5 and 
consisted of acquisition of 2D spectra at  a single temperature 
employing pulse sequences that avoid loss of cross-peaks near 
the water signal. For probing C"H-NH J-coupling connec- 
tivities in proteins, a DQ spectrum acquired with water irra- 
diation gives all C"H-NH cross-peaks (Otting & Wuethrich, 
1986) even if the C"H single-quantum frequency is saturated. 
This procedure enormously facilitated analysis of the C"H-NH 
fingerprint region in NP-5. For acquisition of NOESY spectra 
in HzO it is possible to use water suppression pulse sequences, 
in place of water irradiation, to reduce the large water signal 
(Schwartz & Cutnell, 1983). For NP-5 this method allowed 
observation of all NOEs involving amide protons from a single 
spectrum, with no loss of cross-peaks at or near the H20 
frequency. 

NP-5 Structure. Table I also shows that there are nine 
"slowly exchanging" amide protons in NP-5. These protons 
were found to exchange with half-lives of 1-10 days at 5 "C, 
pH 3.5. Observation of such slowly exchanging amide protons 
indicates that they are either buried, not accessible to solvent, 
and/or involved in intramolecular hydrogen bonds (Wagner 
& Wuethrich, 1982b). The presence of these slowly ex- 
changing amide protons also indicates a certain degree of 
non-random-coil structure in the molecule. Stretches of slowly 
exchanging amide protons are seen in helical regions of a 
protein (Wagner & Wuethrich, 1982b; Englander & Kal- 
lenbach, 1984; Wand et al., 1986), whereas a pattern of al- 
ternating residues with slowly exchanging protons might be 
expected for an isolated strand of (3-sheet. Analysis of these 
slowly exchanging protons indicates that NP-5 possesses some 
ordered, reasonably stable structure in solution. 

Another indication that NP-5 has non-random-coil structure 
in solution comes from analysis of the proton chemical shifts 
in the molecule. The difference between a proton chemical 
shift in a protein and its random-coil chemical shift (McDonald 
& Phillips, 1969; Bundi & Wuethrich, 1979) represents the 
"conformation-dependent" chemical shift (Pardi et al., 1983). 
Comparison of Table I1 with the random-coil amino acid 
chemical shifts (Bundi & Wuethrich, 1979) shows that there 
are a number of sizable conformation-dependent chemical 
shifts in NP-5. For example, no amide protons have chemical 
shifts greater than 8.8 ppm in random-coil amino acids, 
whereas there are 11 amide protons with chemical shifts be- 
tween 8.9 and 9.8 ppm in NP-5. Similarly, no C" protons have 
chemical shifts greater than 4.8 ppm in the random coil 
whereas there are 13 C" protons with chemical shifts between 
4.85 and 5.75 ppm in NP-5. Large positive conformation- 
dependent chemical shifts on amide and C" protons in proteins 
have been proposed to originate from protons involved in short 
intramolecular hydrogen bonds (Wagner et al., 1983). Thus 
qualitative analysis of the proton chemical shifts in NP-5 also 
supports the conclusion that NP-5 forms an ordered, non- 
random-coil structure in solution. 
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FIGURE 8: Schematic diagram of the antiparallel P-sheet structure 
involving residues 19-29 in NP-5. The amide protons that exchange 
slowly with D 2 0  are circled in the figure (see text). Arrows indicate 
cross-strand NOEs that are observed between the backbone C" and 
amide protons. 

Once complete resonance assignments have been made in 
a protein, distance information derived from NOESY spectra 
can be used to generate its three-dimensional structure in 
solution (Wuethrich et al., 1982, 1984). Statistical studies 
of X-ray crystal structures show that there are correlations 
between dss, daN,  and daN connectivities and regular sec- 
ondary structure in proteins (Wuethrich et al., 1984). Table 
I shows the NOE connectivity diagrams in NP-5. A detailed 
analysis of all the NOE connectivities will be presented else- 
where, but a number of qualitative structural conclusions can 
be made from the data presented here. There are no long 
stretches of dsN connectivities in NP-5. The absence of such 
a pattern indicates that NP-5 has little or no helical secondary 
structure (Wuethrich et al., 1984). The dss connectivities 
that are observed in NP-5 probably arise from turns in the 
molecule (Wuethrich et al., 1984; Wagner et al., 1986). Thus, 
preliminary analysis of the sequential NOE connectivities 
indicates that NP-5 has little @-helical secondary structure but 
does have a number of tight turns. This lack of helical sec- 
ondary structure is consistent with the results from circular 
dichroism studies on NP-5 (M. E. Selsted, unpublished re- 
sults). 

In addition to the sequential NOE connectivities, a large 
number of NOEs between protons on nonneighboring residues 
were observed in NP-5. Figure 8 illustrates the NOES between 
backbone C" and amide protons on residues 19-29. Strong 
NOEs were observed between the C" protons on residues 21 
and 26 and also between the C" protons on residues 19 and 
29. Several other cross-strand NOEs are also illustrated in 
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nonneighboring residues. This information is then used to 
generate the secondary and tertiary structure of the molecule. 
The NOESY spectra on NP-5 contain a large number of such 
"long-range" NO&, and qualitative analysis of some of these 
NOES shows the presence of an antiparallel @-sheet, in a 
hairpin conformation, involving residues 19-29. More detailed 
analysis of all the observed NOES in NP-5 will be used to 
determine the full three-dimensional structure of this peptide 
in solution. The solution structure of NP-5 will then be 
compared with the structures of the homologous defensins 
NP-2 and HNP- 1, obtained by X-ray crystallography 
(Westbrook et al., 1984). In addition to NP-5, we are also 
studying the defensins NP-2 and HNP-1 by 2D NMR. These 
three peptides possess various degrees of antibiotic, antiviral, 
and fungicidal activity, and the structural origins for these 
differences in biological activity is the subject of active in- 
vestigation. 
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Figure 8. Table I1 shows that short NH-NH distances were 
observed between residues 23 to 24 and residues 24 to 25. This 
pattern of dNN connectivities is consistent with these residues 
being involved in a tight turn (Wagner et al., 1986). These 
results indicate that residues 19-29 in NP-5 form an anti- 
parallel @-sheet and that this sheet has the hairpin structure 
schematically illustrated in Figure 8. The slowly exchanging 
amide protons on these residues are circled in the figure and 
are consistent with the pattern of cross-strand hydrogen 
bonding found in antiparallel @-sheet secondary structures. 
This @-sheet is the only secondary structure information that 
can be confidently obtained from qualitative analysis of these 
NOE data on NP-5. Quantitative interpretation of the pro- 
ton-proton distances derived from NOE data is being used 
as input for a distance geometry algorithm to generate the 
complete three-dimensional structure of NP-5 in solution (A. 
C. Bach, 11, D. Hare, and A. Pardi, unpublished results). 

CONCLUSIONS 
Essentially complete proton resonance assignment of the 

rabbit antimicrobial peptide NP-5 has been made from a 
variety of 2D NMR experiments. The application of several 
recently developed techniques such as isotropic mixing and 
triple-quantum experiments facilitated the assignment pro- 
cedure in the molecule. The use of a solvent suppression 
NOESY pulse sequence and a double-quantum experiment 
allowed spectra to be acquired in 90% H 2 0  with no loss of 
C"H-NH cross-peaks near the water signal. By use of these 
procedures, resonance assignment of NP-5 was made from 
data taken at a single temperature. The ability to make 
complete assignments from 2D spectra at one temperature 
significantly reduces the already considerable amount of NMR 
time required for sequential resonance assignment in proteins. 

A triple-quantum experiment proved extremely valuable for 
the assignment of the C" and Ca protons in NP-5. The main 
advantage of this experiment is that cross-peaks occur at 
triple-quantum frequencies in wl. In contrast, for a triple- 
quantum-filtered COSY experiment (Piantini et al., 1982; 
Shaka & Freeman, 1983) cross-peaks occur at single-quantum 
frequencies in both the w ,  and w2 dimensions. Thus, if 
cross-peaks from two three-spin systems overlap in a COSY 
or DQF-COSY spectrum, they will also overlap in the tri- 
ple-quantum-filtered COSY experiment. However, these 
protons would be resolved in the TQ experiment as long as 
the spin systems have different triple-quantum frequencies. 
It is highly unlikely that all the single-quantum frequencies 
and both triple-quantum frequencies will be identical in the 
two spin systems. In addition, data obtained from a multi- 
ple-quantum 2D spectrum can be used to predict the location 
of cross-peaks in a single-quantum 2D spectrum. The results 
on NP-5 clearly show that the triple-quantum COSY exper- 
iment represents an extremely valuable technique for extending 
and confirming spin-system assignments made from single- 
quantum spectra. Therefore, we propose that TQ experiments 
should become a standard tool in the sequential assignment 
procedure of proteins. We also note that the combination of 
information from a number of complementary 2D NMR data 
sets (such as DQ, TQ, and TOCSY spectra in addition to 
DQF-COSY and NOESY spectra) not only accelerates the 
assignment process but also leads to a higher degree of con- 
fidence in the resonance assignments. Such combinations of 
complementary data will be extremely useful in the develop- 
ment of automated resonance assignment techniques in bio- 
polymers. 

Once complete resonance assignments have been made in 
a molecule, it is possible to identify NOES originating from 
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Sulfhydryl- Alkylating Reagents Inactivate the NAD Glycohydrolase Activity of 
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ABSTRACT: The combination of ATP, C H A P S  (3- [ (3-cholamidopropyl)dimethylammonio] - 1 -propane- 
sulfonate), and DTT (dithiothreitol) is known to promote the expression of the N A D  glycohydrolase activity 
of pertussis toxin, which resides in the toxin’s S1  subunit. By monitoring changes in electrophoretic mobility, 
we have found that ATP and CHAPS act by promoting the reduction of the disulfide bond of the S1 subunit. 
In addition, ATP, CHAPS, and DTT allowed sulfhydryl-alkylating reagents to inactivate the N A D  gly- 
cohydrolase activity. In the presence of iodo[14C]acetate, the combination of ATP, CHAPS, and DTT 
increased 14C incorporation into only the S1 subunit of the toxin, indicating that alkylation of this subunit 
was responsible for the loss of activity. If iodoacetate is used as the alkylating reagent, alkylation can be 
monitored by an acidic shift in the isolectric point of the S1 peptide. Including N A D  in alkylation reactions 
promoted the accumulation of a form of the S1 peptide with an isoelectric point intermediate between that 
of native S1  and that of S1 alkylated in the absence of NAD. This result suggests that N A D  interacts with 
one of the two cysteines of the S1 subunit. In addition, we found the pH optimum for the NAD glycohydrolase 
activity of pertussis toxin is 8, which may reflect the participation of a cysteine in the catalytic mechanism 
of the toxin. 

bacterium Bordetella pertussis causes the disease killed B. pertussis, the incidence of the disease has declined 
whooping cough [for review, see Weiss and Hewlett (1986)l. 
Since the introduction of a “whole-cell” vaccine, consisting of 

dramatically. Unfortunately, this vaccine may cause severe 
adverse reactions (Fulginiti, 1984; Hinman & Koplan, 1984; 
Cody et al., 1981; Miller et al., 1984). B. pertussis produces 
several toxins, including one termed pertussis toxin, which is 

vaccine (Munoz et al., 1981; Oda et al., 1983; Sat0 et al. 1981; 
Sat0 & Sato, 1984). Thus, in an attempt to minimize adverse 
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