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Spectroscopy+ 

Olivier Lichtarge,t Oleg Jardetzky,*,* and Choh Hao Lie 
Stanford Magnetic Resonance Laboratory, Stanford University, Stanford, California 94305-5055, and Laboratory of Molecular 

Received March 11,  1987; Revised Manuscript Received April 16, 1987 
Endocrinology, University of California, San Francisco, California 941 43 

ABSTRACT: The ‘ H  N M R  spectra of human @-endorphin indicate that the peptide exists in random-coil 
form in aqueous solution but becomes helical in mixed solvent. Thermal denaturation N M R  experiments 
show that in water there is no transition between 24 and 75 O C ,  while a slow noncooperative thermal unfolding 
is observed in a 60% methanol-40% water mixed solvent in the same temperature range. These findings 
are consistent with circular dichroism studies by other workers concluding that @-endorphin is a random 
coil in water but that it forms 50% a-helix or more in mixed solvents. The peptide in the mixed water- 
methanol solvent was further studied by correlated spectroscopy (COSY) and nuclear Overhauser effect 
spectroscopy (NOESY) experiments. These allow a complete set of assignments to be made and establish 
two distinct stretches over which the solvent induces formation of a-helices: the first occurs between Tyr-1 
and Thr-12 and the second between Leu-14 and extending to Lys-28. There is evidence that the latter is 
capped by a turn occurring between Lys-28 and Glu-31. These helices form a t  the enkephalin receptor 
binding site, which is at the amino terminus, and at the morphine receptor binding site, located at the carboxyl 
terminus [Li, C. H. (1982) Cell (Cambridge, Mass.) 31, 504-5051. Our findings suggest that these two 
receptors may specifically recognize a-helices. 

B e c a u s e  of the wide range of its pharmacological effects, 
the structure of @-endorphin is of interest. The sequence of 

+This research was supported in part by Grants DA-03434 and GM- 

*Stanford University. 
s University of California. 

this 31 amino acid endogenous opioid peptide, shown in Figure 
1, is highly conserved throughout evolution (Li, 1982) and 
corresponds to the 61-91 C-terminal fragment of the hormone 
@-lipotropin (Li, 1964). Two of its fragments are also active 

up from the first five residues and dynorphin-( 1-4) (Goldstein 
et al., 1979), which consists of the first four residues. @-En- 
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1 5 10 
Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser- 

11 15 20  
Gln-Thr-Pro-Leu-Val-Thr-Leu-Phe-Lys-Asn- 

21 25 30 
Ala-lle-lle-Lys- Asn- Ala-Tyr-Lys-Lys-Gly-Glu 

FIGURE 1: Amino acid sequence of human &endorphin. 

dorphin binds to the p,  6, and K opioid receptors in the brain, 
inducing many pharmacological activities such as catalepsia, 
hypothermia, and sedation (Smith & Loh, 1981; Simon, 1982; 
Kosterlitz, 1985). There is also evidence for a fourth, highly 
@-endorphin specific, receptor type: the e-receptor of the rat 
vas deferens (Wuster et al., 1979, 1980; Schulz et al., 1981). 
The binding regions to the 6 and p receptors have been sug- 
gested to be the Met-enkephalin segment, Tyr-1-Met-5, and 
the Ala-21-Gly-3 1 region, respectively (Li, 1982). 

Bewley and Li (1983, 1985) have reported evidence of 
tertiary structure, but most other studies have focused on the 
presence of secondary structure. Circular dichroism (CD) 
studies in water find no significant sign of secondary structure 
(Hollosi et al., 1977) in agreement with a hydrodynamic study 
(Yang et al., 1977), but the addition of methanol induces a 
steady noncooperative conformational transition that could 
contain as much as 50% a-helix (Yang et al., 1977; Jibson & 
Li, 198 1). Similar helix inductions have been reported in the 
presence of trifluoroethanol (Hollosi et al., 1977; Graf et al., 
1980), sodium dodecyl sulfate (Yang et al., 1977), and various 
lipids (Wu et al., 1979). The CD spectra from deletion 
fragments in methanol suggest that the a-helix is induced in 
the C-terminal region (Jibson & Li, 1981), though Hollosi 
reported that in trifluoroethanol the fragment from residue 
20 to 31 showed little a-helix formation. The ability of these 
fragments to bind onto rat brain membrane is correlated to 
their helix-forming potential in trifluoroethanol (Hammonds 
et al., 1982). 

Different groups have applied the Chou-Fasman method 
to predict the secondary structure and have obtained different 
results. Wu et al. (1979) find a-helical potential from residues 
4 to 11 and 21 to 29 and @-sheet potential between residues 
14 and 18. Jibson and Li (198 1) find helical potential between 
residues 4 and 9 and @-sheet potential from residues 14 to 24 
with a possible @-turn at residue 25 or 27. Graf et al. (1980) 
predict the formation of a helix between residues 13 and 29 
and of a @-turn between residues 1 and 4. Hammonds et al. 
(1982) note that a helix from residues 14 to 24 is not only 
consistent wtih Chou-Fasman criteria but should be especially 
likely because of its amphiphilic character (and also that 
@-turns which strictly meet the Chou-Fasman criteria can 
occur only at the C-terminal end at residues 27-30 or 28-3 1). 

Using a series of synthetic peptides aimed at preserving the 
amphiphilic characteristics of the potential C-terminal helix 
of @-endorphin, Kaiser and colleagues (Kaiser & Kezdy, 1984; 
Taylor et al., 1981, 1982, 1983; Blanc et al., 1983; Blanc & 
Kaiser, 1984) obtained many peptides with binding charac- 
teristics and potencies similar to that of @-endorphin. However, 
another synthetic peptide designed to be helical but not am- 
phiphilic (Blanc et al., 1983) was also found to be as potent 
as @-endorphin. These experiments show that a helical po- 
tential in the C-terminal region is sufficient for binding to the 
opiate receptors and for opiate activity. 

Previous NMR studies on @-endorphin in aqueous solution 
have shown that the Gly-30 residue, at the C-terminal end, 
has a chemical shift consistent with a random-coil confor- 
mation, while at  the N-terminus Gly-2 and Gly-3 have 
chemical shifts similar to those of Met-enkephalin. These are 

slightly upfield of the expected random-coil shift due to the 
local interaction with the neighboring Phe-4 (Cabassi & Zetta, 
1982). A set of photochemically induced dynamic nuclear 
polarization (photo-CIDNP) studies has focused on the effect 
of phospholipid micelles on the accessibility and mobility of 
Tyr-1 and Tyr-27 (Zetta et al., 1982, 1983; De Marco et al., 
1985). These show that a large percentage of the peptide binds 
onto the micelle surface. Tyr-1 does retain its mobility though, 
while Tyr-27 has strongly diminished mobility and accessibility. 

This study aims at characterizing the secondary structure 
of @-endorphin in water and water-methanol. Because con- 
formational changes in a protein are reflected in changes in 
the NMR spectra, temperature experiments were undertaken 
in both solvents. In water, no changes were observed, as would 
be expected in a random coil. But in water-methanol, thermal 
denaturation was observed, indicating the presence of a non- 
random structure. To characterize it, we applied two-di- 
mensional NMR methods, extensively developed for proteins 
by Wiithrich and co-workers (Wagner et al., 1981; Wiithrich 
et al., 1982, 1984; Billeter et al., 1982). These techniques are 
well suited for the study of peptides (Wemmer & Kallenbach, 
1983; Gariepy et al., 1986) and small proteins (Zuiderweg et 
al., 1983; Williamson et al., 1984; Kline & Wuthrich, 1985; 
Wemmer et al., 1986; Holak & Prestegard, 1986). 

MATERIALS AND METHODS 
Sample Preparation. Human @-endorphin was synthesized 

by the solid-phase synthesis method as described elsewhere 
(Li et al., 1977). Samples were prepared with purified or 
perdeuteriated water and perdeuteriated methyl alcohol (1 00% 
D) obtained from Aldrich Chemical Co. In water the pH was 
adjusted to 1.7 with small aliquots of DC1. The methanol 
solution was obtained from the lyophilized water solution, and 
the mixed solvent solution was prepared by dilution with water. 
The one-dimensional spectroscopy was performed at. concen- 
trations of 1 mM, and the two-dimensional (2-D) experiments 
were performed at 3 mM concentrations. The peptide showed 
some tendency toward aggregation after long periods of re- 
frigeration, but clear samples were always obtained after 
moderate warming and shaking. 

The temperature experiments were 
performed at  360 MHz on a modified Bruker HXS-360 
spectrometer equipped with a Nicolet 1180 data system. 
Typically, each spectrum was collected with a single pulse 
experiment with a 90° pulse, a 1 -15s  pulse delay time, and 
a total sweep width of 3400 Hz sampled with 8192 points 
under conditions of homogated decoupling resulting in water 
presaturation at  all times except during acquisition. Data 
processing was done by using a line-broadening factor of 1 Hz. 
The spectra were referenced by putting the first upfield tyr- 
osine peak at  6.80 ppm. 

The two-dimensional experiments were performed at  500 
MHz on a JEOL GX-500 spectrometer. The 'H correlated 
spectroscopy (COSY) (Aue et al., 1976a; Nagayama et al., 
1980; Bax & Freeman, 1981; Wider et al., 1984), nuclear 
Overhauser enhancement spectroscopy (NOESY) (Jeener et 
al., 1979; Anil-Kumar et al., 1980; Wider et al., 1984), and 
two-dimensional J-resolved spectroscopy experiments (Aue et 
al., 1976b) were all collected in absolute value mode at a 
temperature of 23 O C  with water-peak suppression obtained 
through continuous irradiation except during acquisition. All 
spectra were referenced with respect to the residual protonated 
methanol resonance at 3.30 ppm. 

For the COSY,  the standard pulse sequence was used 
(90-t,-90-t2, where t ,  and t 2  are the evolution and detection 
periods, respectively), with 1024 points in F2, the second 

Data Acquisition. 
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FIGURE 2: 'H NMR (500 MHz) spectra of human @-endorphin in D20 (bottom) and in 60% CD30D-40% D20 (top). For both spectra T 
= 23 OC, in water the pH was 1.7, and the reference is set so that tyrosine peak A is at 6.80 ppm. In the mixed solvent the reference is the 
internal methanol peak at 3.30 ppm. 

frequency domain, and 256 points in the first frequency domain 
F1, later zero-filled to 512 points. Each slice of F1 contained 
272 accumulations with a pulse recovery time of 2 s and had 
a spectral width of 4302.9 Hz. Prior to Fourier transformation, 
the time domain data matrix was multiplied by a trapezoidal 
window convoluted with a sine bell. A symmetrization routine 
was applied to yield a 5 12 by 5 12 data matrix in the frequency 
domain with 8.4-Hz resolution in either direction. 

For the NOESY experiments, the standard pulse sequence 
(90-t1-90-7,-90-t2, where T, is the mixing time) was used, 
with mixing times of 250, 300, and 400 ms. In the F1 di- 
mension there were 224, 192, and 192 points, respectively, for 
each mixing time, all later zero-filled to 512 points. The slices 
for each experiment had 160, 172, and 272 scans, respectively. 
The pulse recovery times were 4 s for 7, of 250 and 300 ms, 
and 3 s for 7, of 400 ms. In all cases there were 1024 points 
in F2, sampling a spectral width of 4302.9 Hz. The data 
processing was similar to that described for the COSY. 

The 2-D J-resolved experiment was performed with the 
standard pulse sequence (90-t,/2-180-t1/2-t,, where the 
evolution period t ,  is split by a 180' pulse). In F2, 4096 points 
were collected for a sweep width of 3882.3 Hz, and along F1 
64 points were zero-filled to 128 for a frequency range of 128 
Hz. Resolution enhancement in F2 and a line broadening of 
1 Hz were applied during the processing. 

RESULTS 
A temperature series was performed on a sample of human 

@endorphin in 100% (deuteriated) water by recording spectra 

between temperatures of 24 and 80 OC in steps of 9 OC. These 
spectra were referenced to a tyrosine E-CH peak, fixed to be 
at 6.85 ppm. A number of easily identifiable peaks were 
followed. All the chemical shift changes involved were small, 
at most 0.04 ppm over 66 OC. There is a global upfield trend 
of the chemical shifts with the temperature increase, suggesting 
that the reference tyrosine peak is, in fact, moving slightly 
downfield. The changes in shifts are not entirely smooth, with 
the most drastic changes occurring between 24 and 35 "C 
(though even there the greatest change is of -0.03 Fpm). 

This region of the temperature dependence was explored 
with more care in a second experiment, in which spectra were 
recorded between 25 and 35 OC in steps of 2 OC. Particular 
interest was paid to the a-CH region, which would readily 
reflect changes in the backbone conformation. However, this 
experiment also failed to show that a transition to a different 
conformational state occurred. All of the a-CH resonances 
varied by less than 0.005 ppm. Similarly, the remainder of 
the spectra also showed little sign of transition over this range 
in temperature. 

We conclude that no significant change occurs in the ,& 
endorphin spectrum between 24 and 80 OC that could be 
attributable to a conformational transition. 

As can be seen from Figure 2, the spectra in water and in 
the 60% methanol-40% water mixed solvent are significantly 
different. Some changes are expected since amino acids have 
different chemical shifts in different solvents (Jardetzky & 
Roberts, 1981). However, the detached triplet at 0.75 ppm, 
which is clearly upfield of the rest of the resonances, is highly 
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1 8  1 6  1 4  1 2  1 0  

FIGURE 3: Temperature dependence in the methyl region of human 
0-endorphin in 60% CD,OD-40% D,O. At all temperatures the 
reference was the internal methanol peak at 3.30 ppm. 

suggestive of a nonrandom structure in which a methyl group 
is upfield shifted, probably as a result of a ring current shift 
from a nearby tyrosine or phenylalanine. Starting from 25 
OC, a temperature series was undertaken in steps of 5 OC up 
to 75 OC. The reference was chosen to be a tyrosine resonance 
set at 6.90 ppm. 

In the aromatic region, one peak shows a gradual temper- 
ature dependence of its chemical shift: from 7.30 ppm at 25 
OC to 7.255 ppm at 75 OC. The other peaks exhibit almost 
no temperature dependence or a slight upfield shift. 

Figure 3 shows the shifts of the upfield methyl peaks, which 
are particularly easy to follow during this experiment. The 
temperature effect on these peaks is more pronounced than 
in the aromatic region. First, the lone upfield methyl shows 
a strong and steady downfield shift from 0.90 to 0.97 ppm. 
This temperature dependence is remarkable since the re- 
mainder of the peaks in this region all have a tendency to move 
upfield. In fact, many of the methyl peaks around 1 .OO ppm 
decrease by 0.05 ppm in chemical shift between 25 and 75 OC. 
Further downfield, the doublets at 1.55 and 1.67 ppm at 25 
OC move to 1.45 and 1.59 ppm, decreases of 0.10 and 0.08 
ppm, respectively. In contrast, other peaks, e.g., at  1.85 ppm, 
remain very stable. This indicates significant differential 
temperature dependences of up to 0.17 ppm. 

Such marked changes in the methyl region can be explained 
by changes in the peptide conformation. This interpretation 
is substantiated by marked changes in shape and distribution 
of the peaks in the a-CH region of the spectrum between 25 
and 75 "C. In conclusion, this temperature experiment es- 
tablishes that between 25 and 75 "C the @-endorphin un- 
dergoes a steady change in conformation. This is consistent 
with a nonrandom conformation of the neuropeptide at 25 "C. 

To further characterize the structure in the water-methanol 
mixed solvent, we applied the two-dimensional NMR se- 
quential assignment technique using COSY and NOESY 
experiments. This consists of three steps. First, the spin 
systems of amino acids are identified from side-chain to amide 
resonances. Second, the identified spin systems are ordered 
sequentially by using NOES between backbone hydrogens of 
neighboring residues and then matched against the known 
primary sequence. This yields the assignments of the spin 
systems to specific residues. Third, the pattern of backbone 
NOES can be interpreted in terms of a-helices or &strands. 

2-D Spin System Identification. Identification of the side 
chains relied primarily on COSY data, shown in Figure 4, 
complemented when ambiguities arose by NOESY connec- 
tivities between hydrogens that are four or five bonds removed, 
such as between a-CH and y-CH, resonances. All side-chain 
systems were identified. Because of the downfield shift of the 
8-threonine resonance, the two alanines and three threonines 

I 4h 3k 3h 3b 2:6 2b 1:8 114 1:O 0 : 6 p P Y  

FIGURE 4: 500-MHz 'H partial COSY spectrum of a 3 mM sample 
of human 0-endorphin in a mixed solvent of 60% CD30D-40% D20 
at 23 OC, referenced to internal methanol set at  3.30 ppm. The 
spectrum was collected as described under Materials and Methods. 
This figure displays the assignments in the aliphatic region and the 
tracing of the connectivities from Val-15 and Thr-16. 

were all characterized by COSY cross-peaks from the methyl 
region to the a-CH region. As expected, five such peaks were 
observed. The threonines are further distinguished by a 8-CH 
to a-CH connectivity. Two of these are observed, and the 
third, ambiguous because it is too close to the diagonal, was 
independently observed by a NOESY cross-peak from the 
y-CH3 to a-CH. The two isoleucines were also readily 
identified from their distinctive COSY connectivity patterns, 
with the best aligned @-CH to a-CH cross-peak in agreement 
with the NOESY cross-peak from the y-CH3 to the a-CH 
resonances. The side chain of the single valine was assigned 
by tracing its double y-CH3 to @-CH to a-CH cross-peaks. 
The two leucine connectivity patterns were interrupted at  the 
y-CH to &CH2 because this cross-peak is in a region crowded 
by five lysines and because it is near the diagonal. Five possible 
@-CH2 to a-CH peaks, with @-resonances close to the y-res- 
onance of the leucines, were picked as likely leucine connec- 
tivities. Two of these were tentatively chosen to be the leucine 
connectivities on the basis of intra-side-chain NOES from the 
&methyl resonances to the a-CH. The evidence from these 
NOES was considered to be weak, and the leucine spin-system 
identification was made final only after all the assignments 
were established to be consistent. The COSY connectivities 
of the five lysines side chains could be traced from e C H 2  to 
a-CH. Some ambiguity arose in distinguishing between eight 
possible @-CH2 to a-CH cross-peaks, but five could be traced 
to the lysines, two to the leucines, and one to either proline, 
methionine, glutamate, or glutamine. This group of amino 
acids accounted for five residues with overlapping COSY 
cross-peaks and essentially similar connectivity patterns. At 
this stage they could not be distinguished and were referred 
to collectively as "X". This allowed identification of five BCH, 
to a-CH cross-peaks from amino acids X. The two aspara- 
gines, two phenylalanines, and two tyrosines all lack a y- 
resonance, and their six neighboring 8-CH2 to a-CH COSY 
cross-peaks were indistinguishable. Fortunately, NOESY 
cross-peaks to the 8-CH peaks from the 6-NH2 of one as- 
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FIGURE 5: Assignments in the NH to a-CH region of the COSY 
spectrum of a 3 mM sample of human 8-endorphin collected under 
the same conditions as Figure 4. The subscripts refer to the arbitrary 
nomenclature used in the text to distinguish prior to assignments 
between residues of the same amino acid type. 

paragine and from the 6-CH of one tyrosine and both phe- 
nylalanines allowed tracing of the side-chain connectivities of 
all except one tyrosine and one asparagine. The corresponding 
unidentified p to a connectivities were tentatively assigned by 
considering that the two P-CH2 resonances of asparagine are 
often more equivalent than those of tyrosine. The remaining 
amino acids were two serines that were readily identified from 
their COSY cross-peak, as were three glycines with slightly 
inequivalent a-CH2 resonances. 

Extension of the spin-system identification to the amides 
was complicated by the overlap of the a-CH resonances and 
by the low resolution of the data: 8.4 Hz in F2 and 16.8 Hz 
in F1, leading to an associated error for every peak of f0.03 
ppm. Starting with low a-CH chemical shifts, the a -CH to 
amide COSY connectivities, shown in Figure 5 ,  were assigned 
as follows. The three glycines, two isoleucines, and Val-15 
were considered as a group since they have close a-CH shifts. 
Two of the glycine cross-peaks were identified on the basis of 
their a-CH shift and evidence from a 2-D J-resolved exper- 
iment clearly showing two glycine triplet resonances at 8.32 
and 8.08 ppm. From NOESY data, both the valine and the 
isoleucines were also identified. In the case of the valine, 
intra-side-chain NOES between the amide and both the 8- and 
y-resonances were observed, and similar NOES were also 
observed between the amide and side-chain resonances of the 
isoleucines. The third glycine cross-peak remained undeter- 
mined but must be close to either of the first two glycines since 
their a-resonances are close and since the absence of a third 
triplet in the 2-D J-resolved experiment suggested that the 
amide resonances of two glycines are superimposed. 

The next group of a-CH to N H  cross-peaks to identify 
extended from 4.09 to 4.21 ppm and corresponded to nine 
residues. Among these, unambiguous identification relying 
on intra amino acid NOES could be made for both alanines 
( N H  to y-methyls NOES), one leucine, and one asparagine 
(NH to P-CH,). One X and one serine could then be matched 
from their a-resonance chemical shift to a -CH to NH 
cross-peaks by default. This left ambiguous amide shifts for 

A21!122 G? T b I S 1 0  
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FIGURE 6: 500-MHz 'H partial NOESY spectrum of human @-en- 
dorphin. The spectrum was collected in absolute value mode as 
described under Materials and Methods with a mixing time of 250 
ms. The region shown is the same as in Figure 5 ,  and the a-CH, to 
NH,+' connectivities are labeled 

three amino acids: one leucine (8.10 or 7.94 ppm) and two 
lysines (8.10, 8.01, or 7.94 ppm). 

Further downfield, another X resonance amide was iden- 
tified through an (Y to amide NOESY cross-peak. By default 
the following three amide to a-CH COSY connectivities were 
identified as lysines. A threonine and a phenylalanine followed 
and, for both, the a to amide connectivity could be identified 
from chemical shift alone and for threonine was also confirmed 
by a y-CH3 to amide NOE. In similar fashion, the next group 
of amino acids extended from 4.40 to 4.5 1 ppm and contained 
seven amino acids, two tyrosines, two Xs, two threonines, and 
one serine, which were to be matched to seven distinct a-CH 
to N H  COSY cross-peaks. Again, NOES allowed unambig- 
uous identification of the amide resonances for all but one 
threonine and one X, but these were then matched by default 
to the two remaining COSY cross-peaks. The last two amino 
acids were an asparagine and a phenylalanine to be matched 
to two cross-peaks. With direct NOESY evidence (0-CH, to 
N H  connectivity) for the asparagine amide identification, the 
phenylalanine was identified by default, which completed the 
spin-system identification procedure. 

Sequential Assignments. The last step to complete the 
assignments was to identify each spin system in terms of a 
specific residue. This was done by analyzing the a-CH, to 
NH,+' and NH, to NH,,' NOESY connectivities, shown in 
Figures 6 and 7, respectively. 
Tyr-1-Gly-2. There are two tyrosine spin systems, Ya and 

Yb, and three glycine systems, Ga, Gb, and Gc. Among six 
possible Tyr- 1-Gly-2 combinations, there was no evidence of 
a NOESY cross-peak from a-CH to N H  between Ya-Gb, 
Yb-Gb, Ya-Gc, Yb-Gc, and Yb-Ga. However, a weak 
cross-peak may have been present between Ya and Ga at 4.42, 
8.1 1 ppm. Confirming evidence from the NH-NH NOESY 
spectrum revealed no connectivity between Ya and either Gb 
or Gc, nor between Yb and Ga, Gb, or Gc, as expected. But 
a strong cross-peak can be seen at 7.89, 8.12 ppm, which 
corresponded to the Ya N H  resonance at 7.88 ppm and the 
Ga N H  resonance at 8.10 ppm. Thus, both an (Y-CH,-NH,+~ 
and an NH,-NH,,, were observed between Ya and Ga, and 
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FIGURE 7: Same spectrum as in Figure 6 ,  the NH-NH region. The 
NH, to NH,+l connectivities are displayed. 

there is no evidence of similar connections between the other 
possible pairings of {Ya, YbJ and {Ga, Gb, Gc). Accordingly, 
we assigned Tyr-1 at Ya and Gly-2 at Ga. 

Gly-2-Gly-3. Gb and Gc have overlapping a-CH chemical 
shifts. Thus the NOESY a-CH to N H  cross-peak could be 
either or both the intra- and interresidue cross-peaks of Gb, 
Gc, or between Gb and Gc. More helpful was the cross-peak 
at 3.86, 8.32 ppm from Ga to Gb. In the NH-NH region, 
there was no evidence that Gb and Gc or Ga and Gc are 
sequential, but a cross-peak existed at 8.1 1, 8.32 ppm. Coupled 
with the a-CH to N H  at 3.86, 8.32 ppm mentioned above, it 
was the strongest possible evidence that Ga and Gb are se- 
quential, in that order. Thus, Ga is assigned to Gly-2 and Gb 
to Gly-3. This independently confirmed the Tyr- 1-Gly-2 
assignment. 

Gfy-3-Phe-4. It was not possible to rule out any of the six 
possible glycinephenylalanine combinations. The amide shifts 
of the phenylalanines were almost equal, and they were in- 
distinguishable from an a-CH to N H  connectivity. Also, while 
Ga could be connected to a phenylalanine residue through a 
peak at 8.1 1, 3.85 ppm, so could Gb and Gc with a possible 
NH-NH connectivity overlapping that from Gly-2 to Gly 3 
at 8.10, 8.33 ppm. On the strength of the previous assign- 
ments, the best hypothesis kept Gly-3 at Gb with no conclusion 
about Phe-4. 

This assignment could be made on the 
strength of the very large 4.60,8.43 ppm NOESY connectivity, 
which was most simply explained by Phe-4 being Fa and Met-5 
being Xb. (Alternate explanations would invoke an a-CH to 
N H  connectivity between Phe-4 and one of Glu-8, Gln-11, or 

Met-5-Thr-6. This assignment was made on the strength 
of the NOESY (8.43, 8.31 ppm) NH-NH connectivity, as- 
suming that Met-5 is at Xb. Indeed, only Met-5 has an N H  
near 8.42 ppm, and the amide resonance at 8.31 must either 
be Phe-4 or Thr-6. With Phe-4 already assigned, it must be 
that Thr-6 is at Tc. 

Thr-6-Ser-7. No Ta-Sa, Ta-Sb, Tb-Sb, and Tc-Sb a-CHI 
to NHi+, NOESY cross-peaks are observable. Though Tb-Sa 
and Tc-Sa connectivities could lie behind a vast cross-peak 
at 4.43, 7.82 ppm, these two NOES were too ambiguous to 

Phe-4-Met-5. 

Glu-3 1 .) 

attempt any assignment for this sequential connectivity. 
Ser-7-Glu-8. There were no a, to NH,+I cross-peaks to Xb 

or Xc from either Sa or Sb. However, there was at 4.40, 8.59 
ppm a strong NOE cross-peak that corresponded well with an 
S b X d  sequential assignment. Unfortunately, Ser- 1 0-Gln- 1 1 
would also match this assignment equally well. Without more 
evidence, Sb-Xd remained undetermined between residues 7 
and 8 or 10 and 11. 

Glu-8-Lys-9. This connectivity was assigned through a 
large cross-peak at 4.24, 8.15 ppm. The only good matching 
a-CH’s were Xd at 4.26 (/4.24) ppm and Sa at 4.21 ppm, 
while the lone possible N H  shift was Kd at 8.14 ppm. Thus, 
this particular peak could only arise from an a to N H  NOE 
from either Xd or Sa to Kd. The first possibility fit with the 
sequential assignment Xd-Kd, while the second could only be 
explained by a Ser-7-Lys-9 NOE, which required invoking 
a 3],, a-helical conformation-a less plausible argument. 
Therefore, the assignments were Glu-8 at Xd and Lys-9 at Kd. 
In turn, following the analysis of Ser-7-Glu-8, Xd at Glu-8 
implied that Ser-7 was Sb. 

Lys-9-Ser-IO. There were no detectable cross-peaks from 
lysines to serines except at 4.26, 7.81 ppm where a “hidden” 
cross-peak could exist, buried in the overlap between its 
neighbors. This possibility was supported by a very strong 
NH-NH cross-peak at 8.14,7.81 ppm. This pointed to Lys-9 
at Kd and Ser-IO at Sa, thus confirming the previous Lys-9 
assignment to Kd and strengthening the chain of evidence that 
put Ser-7 at Sb, a conclusion further reinforced by the as- 
signment of Sa to Ser-10. 

Ser-10-Gln-11. The analysis for this assignment is similar 
to that with Ser-7-Glu-8. However, with the benefit of having 
assigned the intervening residues, it was clear that Ser-10 must 
be at Sa, while Gln-1 1 remained undetermined between Xa 
and Xc since Sa had no NOESY links to these two unassigned 
X’S. 

Gln-11-Thr-12. Among all the possible X to threonine 
NOESY connectivities, the NOE (4.48, 7.93 ppm) from Xc 
to Ta has no simple alternative explanation other than Gln-1 1 
is at Xc and Thr-12 at Ta. 

Leu-14-Val-1 5.  Both leucines had similar a-CH chemical 
shifts, at 4.10 and 4.1 1 ppm. In the absence of a NOESY 
NH-NH cross-peak, the assignment would have to be done 
through elimination once Leu- 17 was assigned. 

Val-15-Thr-16. Only one cross-peak was seen, at 3.84, 8.05 
ppm, from the valine a resonance to the Tb amide. Thus it 
must be that Thr-16 is at Tb. 

Thr-16-Leu-17. Tb-La, Ta-La, Tc-La, Ta-Lb, and Tc-Lb 
all may be alternate sequential assignments. In keeping with 
previous analysis, the most plausible assignment was Thr- 16 
at Tb and Leu-17 at La, which also implied, by default, that 
Leu-14 is at Lb. 

Leu-1 7-Phe-18. Only La-Fa or La-Fb was consistent with 
an NH-NH cross-peak at 7.93, 8.11 ppm. Thus Leu-17 is 
at La, which confirmed the previous assignment, while Phe-18 
could not be assigned unambiguously to Fa or Fb. However, 
previous assignment of Phe-4 to Fa left Fb to be Phe- 18 by 
default. 

Phe-18-Lys-19. This sequential assignment depended on 
the NOESY peak at 4.37, 8.23 ppm, which unambiguously 
arose between the relatively isolated Fb a-CH and the Ke NH. 
This consolidated the previous assignment of Phe-18 to Fb and 
put Lys-19 at Ke. 

Lys-19-Asn-20. The large cross-peak at 4.28, 8.04 ppm 
(together with a possible 8.23, 8.02 ppm NH,-NH,+I con- 
nectivity) was very strong evidence that Ke and Na are se- 
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quential. No other K-N combination has a possible NH-NH 
cross-peak, and we concluded that Lys-19 was at Ke and 
Asn-20 was at Na. 

Asn-20-Ala-21. No assignment could be made on the basis 
of this connectivity. 

Ala-21-Ile-22. Both alanines have possible cross-peaks to 
Ib, via 4.14, 7.87 ppm, and Ia, via 4.10, 7.85 ppm, though the 
latter cross-peak was already invoked during the Leu- 14- 
Val- 15 assignment. However, the NHi-NHi+] cross-peak at 
8.01, 7.86 ppm could correspond to either Aa or Ab, but only 
to Ib. Thus the sequential order must be Aa-Ib, leading to 
Ala-21 at Aa and Ile-22 at Ib. 

Ile-22-Ile-23. Examination of the NOESY spectra showed 
that an ai to NHi+, cross-peak is more likely to be from Ib 
to Ia than from Ia to Ib. Thus, Ile-22 is at Ib and Ile-23 at 
Ia. 

Ile-23-Lys-24. Ia could have connectivities to Ka (3.94, 
7.95 ppm) or to Ke (3.94, 8.25 ppm). Neither of these possible 
assignments shows a corresponding NH,-NHi+, cross-peak. 
Ib can also have a-CHi-NHi+] connectivities to Kb and Kc, 
the latter possibly coupled with an NHi-NHi+l cross-peak. 
With so many ambiguities, this sequential assignment could 
only be done by arguing that the two very strong cross-peaks 
listed at the beginning could not be reasonably accounted for 
without requiring that Ile-23 be at Ia. This is in contrast to 
the Ib-K possible connections that do not involve new cross- 
peaks. Similarly, there was no good explanation for the Ia-Ka 
cross-peak other than being a sequential connectivity. On the 
other hand, the second cross-peak could be shown, below, to 
belong to an Ile-23-Tyr-27 connectivity. Thus the evidence 
pointed to Ile-23 at Ia and Lys-24 at Ka. 

Lys-24-Asn-25. This combination has already been exam- 
ined when Lys- 19-Asn-20 was considered. The conclusions 
remain the same, but now consistency with previous assign- 
ments requires that Lys-24-Asn-25 be matched with Ka and 
Nb. Confidence in the correctness of the two K-N sequential 
assignments was enhanced by the fact that they are inde- 
pendent, mutually exclusive, and compatible with all other 
assignments. 

Asn-25-Ala-26. Here again the analysis was similar to that 
of Asn-20-Ala-21, and only the consistency requirement 
permitted assignment of Asn-25 to Nb and Ala-26 to Ab with 
an associated NH,-NHi+, cross-peak at 8.10, 8.01 ppm. 

Ala-26-Tyr-27. There were two possibilities for this as- 
signment: Aa-Ya by way of 4.14, 7.87 ppm with no NH-NH 
cross-peak or Aa/Ab-Yb with no a-CH-NH cross-peak but 
with NH-NH connectivity at 8.01, 8.25 ppm. No clear choice 
could be made in this case, but since Tyr-1 had been assigned 
at Ya, the only consistent sequential assignment would be 
Ala-26 at Ab and Tyr-27 at Yb. This was the only possibility 
that was also consistent with an observed cross-peak at 3.94, 
8.25 ppm, interpreted as an Ile-23-Tyr-27 C ~ - C H ~ - N H ~ + ~  
connectivity. 

Tyr-27-Lys-28. Ya/Yb-Ka/Kb were viable alternatives 
as is Ya-Kc. As NH-NH cross-peaks also existed for Ya/ 
Yb-Kb, these last two were the favored matching assignments, 
definitely requiring that Lys-28 be at Kb. Tyr-27 was left at 
Yb for consistency. 

Lys-28-Lys-29. Starting from Kb, which had been asso- 
ciated with Lys-28, the only possibility for Lys-29 was Kc (Ka 
was already assigned to Lys- 19). This choice could correspond 
to the NH-NH cross-peak at 8.01, 8.10 ppm. While this 
assignment was weak in itself, it was consistent with prior 
analysis and as shown below fit with the remaining assign- 
ments. 
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FIGURE 8: Summary of the sequential connectivities and coupling 
constants for human @-endorphin in 60% CD30D-40% D 2 0  at 23 
OC. The NOEs were classified as unambiguous (A) when the as- 
sociated peaks were well resolved and as ambiguous (.) if they had 
significant overlap with neighboring peaks. Each dot or triangle 
indicates the position of the ith residue. The coupling constants are 
in hertz with a precision of 2 ~ 1  Hz. 

Lys-29-Gly-30. This assignment was given away by the 
unambiguous cross-peak at 4.32, 8.32 ppm, which could only 
be explained by a Kc a-CH in proximity to a Gb/Gc amide. 
(The only other amide candidate was Thr-6, Thr-12, Thr-16 
at Tc, which was not a reasonable hypothesis for Thr- 12 and 
- 16 since they have no neighboring X’s and which for Thr-6 
is incompatible with current assignments.) This left Lys-29 
at Kc and Gly-30 at Gc/Gb. 

Gly-30-Glu-31. This assignment could only be consistent 
with Gb/Gc-Xa, as determined by the cross-peak at 3.92,7.79 
ppm. Furthermore, an NH,-NH,, existed at 8.32, 7.79 ppm, 
clearly connecting the Gly-30 and Glu-31 amides. Thus we 
obtained as our final sequential assignment Gly-30 at Gb/Gc 
and Glu-31 at Xa. 

These 28 sequential assignments led to a complete deter- 
mination of the P-endorphin spectrum in the 60% methanol- 
40% water solvent. The results are compiled in Table I. 

Secondary Structure. Figure 8 summarizes the NOESY 
connectivities observed in the endorphin. Two distinct seg- 
ments stand out: from Tyr-1 to Thr-12 and from Leu-14 to 
Tyr-27. Both are characterized by many observable or possible 
ai to NHi+, and ai to NHi+4 NOES. These two stretches have 
no NOE connectivities between them and are separated by 
a proline at residue 13. The type of NOEs within both seg- 
ments 1 and 2 strongly supports the presence of an a-helix as 
characterized by three types of connectivities: NHi to NH,+,, 
a-CH, to NH,,, and a-CHi to NH,, (Wuthrich et al., 1984) 
and by small 3J,.NH coupling constant values (Pardi et al., 
1984). 

Segment 1 starts with three consecutive NH,-NH,+, con- 
nectivities followed by another one between residues 5 and 6 .  
There are also, between residues 1 and 10, two a-CHi-NHi+, 
NOEs, three c ~ - C H ~ - N H ~ + ~  NOEs, and one ~ U - C H ~ - N H ~ + ~  
NOE, all observed with certainty. Eight possible additional 
NOEs also exist, four CX-CH~-NH~+~ and four CX-CH~-NH~+~ 
as shown in Figure 8. Altogether, these NOEs are strong 
evidence that an a-helix starts at residue 1 and extends to 
residue 12. Finally, the Ja.NH coupling constants are equal 
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This evidence establishes the presence of an a-helix in 
segment 2. The sequence of NHi-NHi+, NOEs and the 
perfect 3Ja-NH values of residues 20, 21, and 22 indicate a stable 
helical core encompassing residues 17-22. Four possible 
CY-CH~-NH~+~ NOEs and three possible (Y-CH,-NH,~ NOEs 
in the stretch Leu-14-Val-1 5-Thr- 16-Leu- 17 suggest strongly 
that the a-helix starts immediately at Leu- 14. Unfortunately, 
the Val-15 and Thr-16 3J,.NH cannot be measured, and 
NHi-NHi+I NOEs cannot be detected for these two residues. 

The helix end is more difficult to pinpoint. An a-CHi- 
NH,+3 NOE is observed at Lys-24 and two more possibly occur 
at Asn-25 and Ala-26. Two possible a-CHi-NHi+, NOEs 
could exist also at Lys-24 and Asn-25. Small 3 J a . N H  values 
occur until Lys-28 and NHj-NHi+, connectivities are seen at 
Lys-24, Ala-26, and Tyr-27 and possibly at Lys-28. This 
evidence is compatible with the a-helix extending to Lys-28 
or Lys-29. 

The final stretch from Lys-28 to Glu-3 1 is characterized 
by one extreme value of 3Ja.NH, 11 Hz at Gly-30, and by a 
large NOE at 7.77, 8.01 ppm between the amide hydrogens 
of Lys-28 and Glu-3 1. This is evidence for a restrained con- 
formation at the C-terminus that brings Lys-28 and Glu-31 
into proximity, possibly forming a salt bridge. 

DISCUSSION 
Many studies of the secondary structure of 0-endorphin have 

been undertaken, pointing either to a random coil or to the 
possible existence of a tertiary structure in aqueous solutions 
and to a high percentage of helix formation in mixed water- 
organic solvent solutions, with conflicting proposals for the 
helix location(s). Since current techniques of two-dimensional 
NMR spectroscopy allow the definition of the secondary 
structure of small proteins (Wemmer et al., 1986; Klevit & 
Waygood, 1986; Holak & Prestegard, 1986), we attempted 
to resolve these questions. 

Our results are consistent with and allow us to explain the 
results of previous workers. In water (Hollosi et al., 1977; 
Yang et al., 1977) CD measurements did not reveal any sig- 
nificant amount of secondary structure, and hydrodynamic 
measurements indicated an extended noncompact structure 
consistent with little tertiary structure. Similarly, the NMR 
temperature experiments failed to reveal any significant 
spectral alteration between 24 and 75 "C, establishing that 
the endorphin is in a random-coil conformation in water. 

In a 40% waterdo% methanol mixed solvent, the temper- 
ature experiments show a slow noncooperative transition be- 
tween two conformations. The starting conformation in this 
transition is characterized by two helical segments between 
residues 1 and 12 and between residues 14 and 28, charac- 
terized by numerous ~u-CH,-NH,+~, (Y-CH~-NH~+~,  and a- 
CHi-NHi+4 NOEs. These NOEs were classified as unam- 
biguous when they were well resolved or as ambiguous if they 
had extensive overlap with neighboring crosspeaks. The helices 
are especially well established by unambiguous NOEs between 
Tyr- 1 and Ser- 10 and between Leu- 14 and Lys-28. Between 
Ser-10 and Thr-12, the NOE evidence for a helix is scarcer 
and relies on one unambiguous wCH~-NH,~ NOE at Lys-9. 
This NOE does suggest that the helix extends to Thr-12, but 
the lack of additional supporting evidence makes it difficult 
to find an exact helix cutoff. This may reflect fraying of the 
helix as it deviates gradually from perfect helicity. 

The second helix is especially well characterized between 
residues 14 and 20 and between residues 22 and 30. Evidence 
that these segments are part of a single helix comes from the 
stretch of NOEs between successive amide hydrogens between 
residues 17 and 22 and from the low 3Ja.h.H coupling constants 

Table I: Complete Assignments in the Human @Endorphin in a 
Mixed 40% Water-60% Methanol Solvent" 
amino acid NH a-CH 0-CH others 

Tyr-1 7.88 4.42 2.94 6-CH 7.25 

Gly-2 8 . 1 1  3.86 
Gly-3 8.32 3.91 
Phe-4 8.10 4.60 2.97/3.11 6-CH 7.25 

e-CH 6.81 or 6.75 

t-CH 7.20-7.33 
{-CH 7.20-7.33 

Met-5 8.43 4.43 1.96 y-CH2 2.34? 
Thr-6 8.31 4.41 4.26 y-CH3 1.20 

Glu-8 8.59 4.24 2.01 y-CH2 2.16? 
Ser-7 8.08 4.40 3.89 

LYS-9 8.15 4.27 1.86-1.72 y-CH2 1.57, 1.52, or 1.45 
6-CH2 1.73-1.64 
t-CH2 2.93-3.00 

Ser-10 7.81 4.21 3.95 
Gln-11 8.50 4.49 2.13 y-CH2 2.37 or 2.78? 

t-NH2 7.55/6.82 
Thr-12 7.94 4.32 4.19 y-CH3 1.21 
Pro- 13 4.39 2.36 y-CH2 2.05? 

6-CH2 2.47? 
Leu-14 8.10 4.11 1.72 y-CH 1.64 or 1.63 

6-CH3 0.95/0.89 or 
0.89/0.84 

Val-15 8.06 3.83 2.20 y-CH3 1.03 
Thr-16 8.06 4.50 4.28 y-CH3 1.27 
Leu-17 7.93 4.10 1.77 y-CH 1.63 or 1.64 

6-CH 0.95/0.89 or 
0.89/0.84 

Phe-18 8.11 4.36 3.16 6-CH 7.25 
t-CH 7.20-7.33 
{-CH 7.20-7.33 

6-CH2 1.73-1.64 
{-CH2 2.93-3.00 

Asn-20 8.04 4.59 2.80 6-NH2 7.69/6.95 

Ile-22 7.86 3 .83  1.95 y-CH3 1 . 1 1  
./-CHI 1.52 

6-CH3 0.75 
Ile-23 7.84 3.95 1.95 y-CH3 1.22 

y-CH2 1.66 

6-CH3 0.87 

6-CH2 1.73-1.64 
e-CH2 2.43-3.00 

Asn-25 8.12 4.15 3.09 6-NH2 7.60-6.90 

Tyr-27 8.25 4.48 2.85/2.77 6-CH 7.15 

LYS-28 8.01 4.10 1 .58  y-CH2 1.48 
6-CH2 1.68 
t-CH2 2.93-3.00 

6-CH2 1.73-1.64 
e-CH2 2.93-3.00 

Lys-19 8.23 4.30/4.27 1.86-1.72 y-CH2 1.57, 1.52, or 1.45 

Ala-21 8.00 4.14 1.32 

y-CH3 0.86 or 0.92 

y-CH3 0.92 or 0.86 

LYS-24 7.95 4.09 1.85 y-CH2 1.52 or 1.45 

Ala-26 8.01 4.10 1.49 

e C H  6.75 or 6.81 

LYS-29 8.11 4.32 1.86-1.72 y-CH2 1.57, 1.52, or 1.45 

Gly-30 8.32 3.92 
Glu-31 7.79 4.18 2.1 O /  1.92 y-CH2 2.27? 

Chemical shifts are referenced to internal methyl alcohol set at 
3.30 ppm and are accurate to *0.03 ppm. Question marks indicate 
tentative assignments. 

to or less than 6 Hz, also in good agreement with a helix in 
segment 1. 

Segment 2, from Leu-14 to Tyr-27, is characterized by 16 
CX-CH,-NH~+~ and C X - C H ~ N H , , ~  connectivities with only 
Phe-18, Asn-20, and Ile-23 presenting neither. Also, NHi- 
NH,, NOEs occur in a continuous stretch of six residues from 
Leu- 17 to Ile-22 and are absent in only four residues, Val- 15, 
Thr-16, Ile-23, and Asn-25. Except for Leu-17 at 7 Hz, the 
coupling constants 3Ja.NH are smaller than or equal to 6 Hz, 
in support of a helix. 
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at residues 20, 21, and 22. Also, the most simple explanation 
of the temperature-induced transition of the 0.75 ppm reso- 
nance is a ring current shift at Ile-22 due to Phe- 18, as these 
two residues are brought into proximity by the formation of 
an a-helix. 

Thus NMR establishes that methanol induces formation of 
helices between residues 1 and 12 and 14 and 28, with a turn 
between residues 28 and 31. This determines precisely the 
location and extent of the helical conformation detected in 
methanol by Yang et al. (1 977) and Jibson and Li (1 98 1). It 
is likely but not established that the trifluoroethanol-induced 
helices occur in the same regions. The presence of a turn at 
the C-terminus is in agreement with the work of Hammonds 
et al. (1 982), specifically, his observation that the complete 
0-endorphin is relatively less helical than the fragment ex- 
tending from residue 1 to 27. However, this confirming ev- 
idence is weak, given the margin of error in CD measurements 
on small peptides. 

It is interesting to note that the formation of both helix 
segments occurs at sites considered critical to binding (Li, 
1982). While it is not clear that the secondary structure of 
human @-endorphin in a water-methanol mixed solvent is a 
good approximation to the in vivo conformation, Hammonds 
and his colleagues (1982) showed a correlation between he- 
lix-forming potential of &endorphin fragments and binding 
to rat brain membrane. This suggests that helix formation 
between residues 1 and 10 and between 14 and 28 plays a role 
in the binding affinity of &endorphin to the opioid receptors. 
The absence of long-range NOES between distant residues 
prevented investigating the tertiary structure of the peptide. 
This may indicate that the helical segments of P-endorphin 
are flexible with respect to each other and that their relative 
orientation will be strongly influenced by the receptor itself. 
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Complication for Accurate Measurement of GTP Hydrolysis in the Presence of 
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ABSTRACT: Pursuing the observation of Carlier and Pantaloni [Carlier, M.-F., & Pantaloni, D. (1982) 
Biochemistry 21,  121 5-1 2241 that adenosine S-(P,y-imidotriphosphate) (pNHppA) strongly inhibited 
tubulin-independent phosphatases in microtubule protein preparations, we observed with a number of 
commercial preparations of pNHppA that a major proportion of the terminal phosphate of [ T - ~ ~ P I G T P  
added to microtubule protein preparations was rapidly converted into ATP. Initially postulating degradation 
of pNHppA to A M P  followed by stepwise conversion of A M P  to ATP, we isolated two nucleoside mono- 
phosphate kinase activities from microtubule protein capable of generating ATP from A M P  + GTP. The 
amounts of these enzymes in microtubule protein preparations, however, a re  probably too low to account 
for rapid ATP formation. Instead, ATP formation most likely is caused by nucleoside diphosphate kinase 
acting on ADP contaminating commercial pNHppA preparations. Such ADP contamination was dem- 
onstrated by high-performance liquid chromatography, with the amount of ATP formed with different 
pNHppA preparations proportional to the amount of ADP contamination. Repurification of commercial 
pNHppA until it was free of contaminating ADP also resulted in the elimination of ATP formation. The 
repurified pNHppA potently inhibited G T P  hydrolysis in microtubule protein preparations. In addition, 
especially when supplemented with equimolar Mg*+, the repurified pNHppA strongly inhibited G T P  hy- 
drolysis and microtubule assembly in reaction mixtures containing purified tubulin and heat-treated mi- 
crotubule-associated proteins (which contain negligible amounts of tubulin-independent phosphatase activity). 
W e  conclude that studies of microtubule-dependent G T P  hydrolysis which make use of pNHppA must be 
interpreted with extreme caution. 

M i c r o t u b u l e  assembly generally requires GTP hydrolysis 
in amounts approximately stoichiometric with the amount of 
tubulin incorporated into polymer (MacNeal & Purich, 1978; 
Caplow & Zeeberg, 1980; Carlier & Pantaloni, 1982; Hamel 
et al., 1984). This GTP is located at the exchangeable nu- 
cleotide binding site of tubulin, for the equimolar amount of 
nonexchangeable GTP bound to the protein is unaltered during 
in vitro polymerization (Penningroth & Kirschner, 1977; 
Hamel et al., 1984) and may even persist without change in 
cellular microtubules (Spiegelman et al., 1977). Although 
many intriguing suggestions have been made to give GTP 
hydrolysis a more precise role in the assembly reaction or in 
the stabilization of microtubules [e&, Kirschner (1 980), 
Weisenberg (1980), Cote and Borisy (1981), Bonne and 
Pantaloni (1982), Carlier and Pantaloni (1982), Hill and Chen 
(1984), and Caplow and Reid (1985)], a severe limitation in 
the interpretation of data presented to support these ideas lies 
in the multiple enzyme contaminants found in microtubule 
protein preparations. These include nonspecific phosphatases 
which will degrade virtually any nucleotide, nucleoside di- 
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phosphate kinase, and adenylate kinase (Gaskin et al., 1974; 
Piras & Piras, 1977; Sutherland, 1976; Penningroth & Kir- 
schner, 1977; Nickerson & Wells, 1978; Carlier & Pantaloni, 
1982). 

The phosphatases, in particular, by degrading GTP si- 
multaneously and at a much faster rate than assembly-de- 
pendent GTP hydrolysis, obscure the reaction dependent on 
microtubule assembly. Carlier and Pantaloni (1982) dem- 
onstrated that the ATP analogue pNHppA,’ supplemented 
by a molar equivalent of Mg*+, markedly inhibited generation 
of P, from GTP in preparations of microtubule protein. As- 
suming that the nonspecific phosphatases were virtually totally 
inhibited, that microtubule assembly and its associated GTP 
hydrolysis was unaffected by the high concentrations of either 
pNHppA or Mg2+ added to the reaction mixture, and that no 

’ Abbreviations: pNHppA, adenosine 5’-(P,y-imidotriphosphate); 
MAP(s), microtubule-associated protein(s) (for the purposes of this 
study, a MAP is defined as any protein other than tubulin present in 
two-cycle microtubule protein preparations); Mes, 4-morpholineethane- 
sulfonate: PEI-cellulose, poly(ethy1enimine)-cellulose; TEAB, triethyl- 
ammonium bicarbonate; NH,ppA, adenylyl phosphoramidate; Pipes, 
1,4-piperazinediethanesulfonate; Pi, inorganic phosphate. 
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