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ABSTRACT: Peptide GVKGDKGNPGWPGAPY (called peptide IV-Hl), derived from the protein sequence 
of human collagen type IV, triple-helix domain residues 1263-1 277, represents an RGD-independent, 
cell-specific, adhesion, spreading, and motility promoting domain in type IV collagen. In this study, peptide 
IV-HI has been investigated by ‘H N M R  (500 MHz) spectroscopy. Cis-trans proline isomerization a t  
each of the three proline residues gives rise to a number of slowly exchanging (500-MHz N M R  time scale) 
conformation states. At least five such states are observed, for example, for the well-resolved A14 @H3 group, 
and K3, which is six residues sequentially removed from the nearest proline, i.e., P9, shows two sets. The 
presence of more than two sets of resonances for residues sequentially proximal to a proline, e.g., A14-cis-Pl5 
and A14-truns-Pl5, and more than one set for a residue sequentially well-removed from a proline, e.g., 
K3, indicates long range conformation interactions and the presence of preferred structure in this short linear 
peptide. Many resonances belonging to these multiple species have been assigned by using mono-pro- 
line-substituted analogues. Conformational (isomer) state-specific 2D ‘H N M R  assignments for the 
combination of cis and trans proline states have been made via analysis of COSY-type, HOHAHA, and 
NOESY spectra. Peptide IV-HI in the all-trans proline state ttt exists in relatively well-defined conformation 
populations showing numerous short- and long-range NOES and long-lived backbone amide protons and 
reduced backbone N H  temperature coefficients, suggesting hydrogen-bonding, and structurally informative 
3JaN coupling constants. The N M R  data indicate significant 6-turn populations centered at  K3-G4, K5-G6, 
P9-Gl0, and P12-G13, and a C-terminal y-turn within the A14-Pl5-Yl6 sequence. These N M R  data 
are supported by circular dichroic studies which indicate the presence of 52% @-turn, 10% helix, and 38% 
random coil structural populations. Since equally spaced KG and PG residues are found on both sides of 
peptide IV-H1 in the native collagen type IV sequence, this multiple turn repeat motif may continue through 
a longer segment of the protein. Synthetic peptide IV-H 1 overlapping sequence “walk throughs” indicate 
that the primary biological activity is localized in the GNPGWPGAP double @-turn domain, which contains 
the backbone constraining proline residues. This proline-domain conformation may suggest a collagen type 
IV receptor-specific, metastatic cell adhesion promoting binding domain. 

T y p e  IV collagen is a collagenous glycoprotein that forms 
the major scaffolding of basement membranes (Timpl et al., 
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1981; Yurchenco & Furthmayr, 1983; Tsilibary & Charonis, 
1986) and binds to other components like laminin, entactin, 
heparan sulfate, etc. (Timpl & Dziadek, 1986; Charonis et 
al., 1985; Laurie et al., 1986; Fugiwara et al., 1984). Type 
IV collagen functions in part as an adhesive protein since it 
promotes cell adhesion and specifically interacts with the 
surfaces of a variety of cell types (Kurkinen, 1984; Aumailley 
& Timpl, 1986; Sugrue, 1987; Murray et al., 1979). Members 
of the integrin superfamily of membrane proteins that bind 
to multiple extracellular matrix components, such as fibro- 
nectin and laminin (Ruoslahti & Pierschbacher, 1987; Ignatius 1.-.11. 
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suggested to serve as receptors for binding to type IV collagen 
(Tomaselli et al., 1987). A number of integrins recognize 
RGD-containing sequences (Ruoslahti & Pierschbacher, 1987) 
like those found in type IV collagen; however, in one report 
(Herbst et al., 1988) the attachment of bovine aortic en- 
dothelial cells to type IV collagen was not inhibited by 
GRGDS, suggesting that at least these cells do not use the 
RGD sequence for cell attachment to type IV collagen. A 
similar situation exists in laminin, where an RGD is present 
in the A-chain, but cells have not been shown to use this 
sequence (Gehlsen et al., 1986). This information would 
suggest that, for several cell types, binding is not primarily 
mediated by integrins or that these integrins do not recognize 
RGD-containing sequences of the protein. 

Type IV collagen has an unusual structure containing a large 
noncollagenous NCl  domain at the C-terminal end and nu- 
merous interruptions along the length of the Gly-X1-X2 triple 
helical sequence (Braze1 et al., 1987; Babel & Glanville, 1984; 
Killen et al., 1988). Such interruptions have been hypothesized 
to contribute to increased flexibility of type IV collagen when 
compared to other interstitial collagens (Hofmann et al., 1984; 
Kilchherr et al., 1985). Type IV collagen is also known to 
self-assemble, forming an irregular polygonal structure 
(Yurchenco & Furthmayr, 1984; Yurchenco & Rubin, 1987). 
Other than participate in cell adhesion and spreading, type 
IV collagen also promotes cell motility as tested by migration 
and haptotaxis in modified Boyden chambers (Herbst et al., 
1988). Although it is not known what components of the cell 
surface are important for triggering cell motility in response 
to t y p  IV collagen, this aspect of cell behavior is of particular 
significance for the movement of various cells across basement 
membranes. 

Recently, an RGD-independent integrin-binding peptide, 
GVKGDKGNPGWPGAPY, was derived from the type IV 
collagen triple helix domain (Chelberg et al., 1990). This 
peptide, called IV-HI, is known specifically to promote me- 
lanoma cell adhesion, spreading, and motility. Due to its 
biological significance, we undertook an ‘H NMR’ study of 
this 16-mer. Generally, short linear peptides like IV-H1 exist 
in solution in an ensemble of highly fluctuating structures 
whose NMR spectra represent some average conformation. 
Recently, however, several different secondary structures have 
been reported for linear peptides in water. Baldwin and co- 
workers have shown by CD and NMR that both the isolated 
S-peptide of ribonuclease (residues 1-20) and the shorter 
C-peptide derived from it are partially helical in water (Kim 
& Baldwin, 1982, 1984; Bierzynski et al., 1982; Shoemaker 
et al., 1985). NMR studies have given unequivocal evidence 
for a highly populated &turn conformation in the immuno- 
dominant domain of an immunogenic peptide from influenza 
virus hemagglutinin (Dyson et al., 1985, 1986, 1988a,b). 
There, Dyson et al. (1988a) showed that 8-turn formation is 
strongly dependent on the amino acid sequence and demon- 

’ Abbreviations: NMR, nuclear magnetic resonance; 2D NMR, 
two-dimensional NMR spectroscopy; COSY, 2D NMR correlated 
spectroscopy; HOHAHA, 2D NMR homonuclear Hartmann-Hahn 
spectroscopy; NOE, nuclear Overhauser effect; NOESY, 2D NMR nu- 
clear Overhauser effect spectroscopy; rf, radio frequency; FID, free in- 
duction decay; CD, circular dichroism: H1 or PPP, parent peptide 
GVKGDKGNPGWPGAPY; peptide AAA, alanine tri-proline-substi- 
tuted peptide PPP; peptide SPP, serine mono-proline(P9)-substituted 
peptide PPP peptide PSP, serine mono-proline(P12)-substituted peptide 
PPP peptide PPS, serine mono-proline(P15)-substituted peptide PPP ttt, 
ttc, tct, ctt, tcc, ctc, cct, and ccc. conformation state specific assignments 
standing for cis(c)/trans(t) isomer states of P9, P12, and P15, respec- 
tively, as described in Table I. 

strated that both type I1 and type VI turns can be surprisingly 
stable in water solution. Dyson et al. (1988b) also showed that 
a short synthetic peptide comprised of C-terminal residues 
69-86 from myohemerythrin was able to form a nascent helix 
in water solution. In both of these cases, the peptides were 
highly immunogenic and induced antibodies reactive with the 
folded native protein. Other studies on short peptides derived 
from fibronectin (Reed et al., 1988) and from fibrinogen (Ni 
et al., 1988, 1989a; Mayo et al., 1990) had similar findings. 
Recently, a number of other short linear peptides have been 
shown to form “NMR”-stable structures in water [for example, 
Bruch et al. (1989); Mammi et al. (1 989); Otter et al. (1 989)]. 

Although biologically active amino acid sequences have been 
derived from type IV collagen, no structural information is 
available on possible average peptide backbone folding. While 
knowledge of these sequences is important, it is, afterall, the 
three-dimensional structure that confers biological activity and 
proper function. Three pieces of information made peptide 
IV-HI interesting from an NMR solution structure deter- 
mination standpoint: (1) the presence of two PG dipeptide 
sequences that have a high potential for &turn structure (Chou 
& Fasman, 1978; Dyson et al., 1988a); (2) its significant 
biological activity as mentioned above; and (3) antipeptide 
antibodies made from this peptide cross-react with parent type 
IV collagen and inhibit biological activity (Chelberg et al., 
1990), suggesting that this short linear peptide does possess 
some preferred conformation. This paper specifically addresses 
peptide IV-H 1’s NMR-derived solution structure(s). 

MATERIALS AND METHODS 
Peptide Synthesis. Peptides representing amino acid se- 

quences from human type IV collagen were synthesized with 
a Beckman 990 peptide synthesizer, either by Dr. Robert 
Wohlheuter at the Microchemical Facility of the University 
of Minnesota or by Dr. Bianca Conti-Tronconi (University of 
Minnesota at St. Paul). The procedures used were based on 
the Merrifield solid-phase system as described elsewhere 
(Stewart & Young, 1984). Lyophilized crude peptides were 
purified by preparative reverse-phase HPLC on a C- 18 col- 
umn, by using an elution gradient of 0-60% acetonitrile with 
0.1% trifluoroacetic acid in water. The purity and composition 
of the peptides was verified by peptide sequencing and re- 
verse-phase HPLC analysis. 
NMR Spectroscopy. Freezed-dried samples for NMR 

measurements were dissolved in either D 2 0  or in H20 /D20  
(9:l). Protein concentration was in the range of 10-40 mM. 
pH was adjusted by adding microliter quantities of NaOD or 
DCl to the protein sample. NaCl was added in some exper- 
iments to a concentration of 50 mM. For most experiments, 
the temperature was controlled at 288 K. All NMR spectra 
were acquired on a GN-Omega-500 spectrometer equipped 
with a Sun-3/160 computer. 

For sequential assignments, COSY (Aue et al., 1976; Wider 
et al., 1984), double-quantum filtered COSY (Piantini et al., 
1982; Shaka & Freeman, 1983), and NOESY (Jeener et al., 
1979; Wider et ai., 1984) experiments were performed. 2D 
homonuclear magnetization transfer (HOHAHA) spectra, 
used to identify many spin systems completely, were obtained 
by spin-locking with a MLEV-17 sequence (Bax & Davis, 
1985) with a mixing time of 64 ms. All spectra were acquired 
in the phase-sensitive mode (States et al., 1982). The water 
resonance was suppressed by direct irradiation (1 s) at the 
water frequency during the relaxation delay between scans as 
well as during the mixing time in NOESY experiments. 

The majority of the 2D NMR spectra were collected as 5 12 
or 1024 t ,  experiments, each with 1K or 2K complex data 
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comparison of activities was essentially the same using either 
method. Coupling of these synthetic peptides to larger carrier 
proteins apparently enhances peptide/cell adhesion activity. 
When iodinated peptides were used as tracers, coupling ef- 
ficiencies of 4-5 peptides per carrier protein molecule were 
achieved. 

Highly metastatic mouse melanoma cells were allowed to 
adhere for 1 h to surfaces coated with increasing levels of 
petpide or of peptide coupled to larger carrier proteins. For 
controls, coupled OA or BSA was used to show that the 
coupling reaction did not create activity per se. Moreover, 
controls were done where synthetic peptides from other sources 
not known to promote cell adhesion were employed. Control 
experiments routinely gave negative results. 

RESULTS 
Five homologues amino acid sequences of peptide IV-H 1 

are identified in Figure 1 as peptides PPP, AAA, SPP, PSP, 
and PPS. Peptide PPP is synonymous with peptide IV-HI, 
which corresponds to residues 1263-1 277 from the triple helix 
domain of human collagen type IV (Babel & Glanville, 1984; 
Braze1 et al., 1987; Killen et al., 1988). The standard one-letter 
codes for amino acid residues have been used. These peptides 
vary only at the three proline positions found in the native- 
derived fragment, peptide PPP. In sequential order, PPP 
stands for P9, P12, and P15. Relative to peptide PPP, peptide 
AAA, therefore, has all alanine residues in place of proline 
residues at these positions, while the three mono-proline- 
substituted peptides have one serine residue substituted for one 
proline residue in each case. Serine was chosen as the sub- 
stituting residue since it is not naturally present in this se- 
quence; additional alanine residues would have interferred with 
multiple c is / t ra~-prol ine- indu~ A 14 resonance assignments, 
and glycine was not chosen since five such residues were al- 
ready present. These abbreviated names will be used 
throughout the text to refer to these peptides. The peptides 
are labeled from N-terminal residue 1 through residue 16. 

Cis/ Trans Proline Isomerization and Multiple Confor- 
mations. Although peptide IV-HI is chemically pure (>95%) 
as judged by HPLC and amino acid sequencing, COSY-type 
spectra show more cross-peaks than expected for most spin 
systems. The most apparent case of multiple resonances is 
seen in the presence of five alanine (UH-PH, cross-peaks as 
shown in Figure 2 and labeled with roman numerals. A 1D 
NMR spectral trace of the same A14 PH, region is shown at 
the top of Figure 2. Chemically, peptide IV-HI contains only 
one alanine residue, Le., A14, and although lysine and proline 
side-chain resonances overlap with A14 OH, resonances in the 
1D trace, no such overlap is observed for A14 (YH-PH, 
cross-peaks in the 2D contour plot (Figure 2). Moreover, 
possible ambiguities in this 2D NMR spectral region due to 
threonine PH-yH, cross-peaks cannot occur since these res- 
idues are absent from the peptide. The only long-chain hy- 
drophobic residue, i.e., V2, has identifiable -yH, resonances 
more upfield-shifted at about 0.9 ppm. Since there is no 
ambiguity in their belonging to multiple A14 resonances, these 
five cross-peaks must, therefore, be due to monomolecular 
conformational heterogeneity or intermolecular aggregation. 
The alanine resonance population distribution, however, is 
concentration independent in the range 1-50 mM; therefore, 
monomolecular conformational heterogeneity is the reason for 
these various alanine species. Since peptide AAA shows no 
such multiple 'H NMR species (data not shown), proline imino 
acid residues, P9, P12, and P15, are most likely responsible 
for the appearance of these multiple states. Moreover, cis- 
trans proline isomerization is known to be slow on an NMR 

points over a spectral width of 5 kHz in both dimensions with 
the carrier placed on the water resonance. A total of 64 or 
96 scans were generally time averaged per t ,  experiment. The 
data were processed directly on the Sun-3/160 computer. Data 
sets were multiplied in both dimensions by a Oo- to 60O-shifted 
sine-bell or Lorentzian to Gaussian transformation function 
and generally zero-filled to 1K in the t ,  dimension prior to 
Fourier transformation. 

For identification of long-lived backbone amide protons, 
COSY (Aue et al., 1976; Wider et al., 1984) experiments were 
performed at 2 OC and pH 3.5. Peptide IV-HI was first 
exchanged and freeze-dried from 'H20  solution. 2H20 at ice 
bath temperature was then added to the dried peptide kept 
in the NMR tube on ice. The pH was adjusted to 3.5 by 
adding microliter quantities of NaOD or DCl. The magnitude 
COSY experiment was run for approximately 6 h, collecting 
256 time incremented 1K data point FIDs, each with 32 
transients. 2D NMR COSY data sets were processed directly 
on the Sun 3/160 GN-Omega-500 NMR spectrometer. Data 
sets were first multiplied in both dimensions by a Oo- to 
1 0°-shifted sine-squared bell function and zero-filled to 5 12 
in the t ,  dimension prior to Fourier transformation. Long-lived 
backbone amide protons were identified by comparing 
cross-peak positions to sequentially assigned COSY data sets 
accumulated under the same conditions, but in the presence 
of mostly ' H 2 0  (90%/10% 2H20) where all N H  resonances 
were present. a N  cross-peaks that remained during the 2H20  
COSY accumulation are called "long-lived" in this paper-the 
larger the cross-peak, the longer the relative life time. 

The temperature dependences of backbone N H  chemical 
shifts were followed at pH 6 and 15 OC from 1D NMR and 
2D NMR COSY-type spectra where cross-peaks were assigned 
or checked at various temperatures. Since conditions used for 
identification of long-lived amides were lower pH and lower 
temperature, peptide IV-H 1 conformation could vary from 
conditions used for structural analysis, i.e., pH 6 and 15 OC. 
Additional supportive information on possible hydrogen-bonded 
amide protons was deemed necessary. N H  chemical shift was 
plotted versus temperature and slopes were derived from these 
data. For a short linear peptide, a shallower slope generally 
indicates a relatively more hydrogen-bonded N H  proton 
(Wuthrich, 1986). 

Circular Dichroism. CD spectra were measured on a Jasco 
5-500 automatic recording spectropolarimeter coupled with 
a data processor. Curves were recorded digitally and fed 
through the data processor for signal averaging and baseline 
subtraction. Spectra were recorded at 15 OC in 20 mM 
phosphate buffer, pH 6.5, over 185-260 nm with a 2-mm 
path-length quartz cuvette. The peptide concentration (0.04 
mg/mL) was determined by measuring the absorbance at 280 
nm and by using a calculated extinction coefficient of 7040 
M-' cm-I. The scan speed was 5.0 nm/min. Spectra were 
signal-averaged 16 times, and an equally signal-averaged 
solvent baseline was subtracted. The program VARSELEC, 
provided by Dr. W. Curtis Johnson, was used for secondary 
structure analysis. 

Cell Adhesion Assay. Standard protocols for assessing 
peptide cell adhesion activity have been used (Humphries et 
al., 1987; McCarthy et al., 1990). Synthetic peptides were 
either covalently fixed to specialized plastic surfaces or dried 
directly on various types of surfaces (Chelberg et al., 1990; 
McCarthy et al., 1990), or a more sensitive approach that 
coupled peptides to larger carrier proteins like ovalbumin or 
bovine serum albumin (Humphries et al., 1987) was used. The 
latter procedure gave better results at lower peptide concen- 
tration. Considering our use of a series of peptides, relative 



8254 Biochemistry, Vol. 30, No. 33, 1991 Mayo et al. 

1 5 10 15 

G V K G D K G N P G W P G A P Y 

G V K G D K G N A G W A G A A Y 

G V K G D K G N S G W P G A P Y 

G V K G D K G N P G W S G A P Y 

G V K G D K G N P G W P G A S Y 

pept ide  PPP: 

pept ide AAA: 

pept ide  SPP: 

pept ide  PSP: 

pept ide  PPS: 

FIGURE 1 : Amino acid sequences for peptide PPP and its analogues. 
The amino acid sequence of peptide PPP is shown by one-letter codes. 
The sequence is derived from the protein sequence of human collagen 
type IV, triple-helix domain residues 1263-1277 as discussed in the 
text. Analogues to this sequence, where proline residues have been 
substituted by alanines or serins, are also given using one-letter codes. 

time scale (Grathwohl & Wuthrich, 1976, 198 1); therefore, 
such NMR long-lived states should be expected to be obseved 
in peptide IV-HI if prolines are the reason for this resonance 
multiplicity. 

Since A14 sequentially precedes a proline residue, Le., P15, 
cis-trans proline isomerization could readily explain the 
presence of two of these A14 resonances, but not five as ob- 
served in Figure 2. However, if cis/trans isomer states for all 
three prolines were considered, a maximum of eight species 
of peptide IV-H1 could be observed. These species would also 
be expected to show varying populations depending on indi- 
vidual cisltrans-proline distributions and conformational in- 
fluences. Table I lists the various combinations for the XP 
peptide bonds and gives the predicted fractional population 
computed as the simple product of individual cisltrans-proline 
fractional populations taken from short model peptides 
(Grathwohl & Wuthrich, 1976, 1981). On the basis of these 
predicted values, six of eight possible combined isomer states 
could be experimentally observed. The last two states, des- 
ignated cct and ccc, have very low predicted populations and 
would be expected to fall into the NMR noise level with ap- 
parent concentrations in the 0.1-0.2 mM range. The six 
expected most populated isomer states are, therefore, ttt, ttc, 
tct, ctt, tcc, and ctc. 

Further evidence that these multiple A14 resonances result 
from proline cis-trans isomerization comes from N M R  
spectral comparisons of mono-proline substituted analogues 
of peptide IV-H1 (Figure 3). These sequences have been 
identified in Figure 1. Double-quantum filtered COSY spectra 
show that peptide PPS (Figure 3a) shows three not five A14 
aH-PH3 cross-peaks, while peptide PSP (Figure 3b) shows 
only two cross-peaks, and peptide SPP (Figure 3c) shows the 
disappearance of only one minor A14 cross-peak. The two 
A14 aH-j3H3 cross-peaks observed in Figure 3b for peptide 
PSP can most likely be assigned to P15 cis and trans states. 
Since the trans state is the more populated one (Grathwohl 
& Wuthrich, 1976, 198 l ) ,  these can be tentatively assigned 
to states ttt and ttc in accord with Table I and as indicated 
in Figure 3b. In peptide SPP, the one cross-peak that no longer 
appears relative to peptide PPP (Figure 2; cross-peak IV) is 
tentatively assigned to state ctt (Table I) since P9 is no longer 
present in this peptide. As with peptide PSP assignments, the 
largest cross-peak for peptide SPP can likewise be tentatively 
assigned to state ttt, and the cross-peak for state ttc can be 
assigned by shift comparison with peptide PSP. The remaining 
A14 cross-peaks probably arise from states ctc, tct, and tcc 
as indicated in Figure 3c. For peptides PSP and SPP, such 
tentative assignments were relatively straightforward since 
chemical shifts of remaining cross-peaks varied little from those 
for peptide PPP (Figure 2). Peptide PPS is more complicated 
since chemical shifts of remaining cross-peaks varied consid- 
erably. This is probably due to the fact that P15 had been 
substituted and this residue is of course sequentially proximal 
to A14 and necessary for its conformational integrity. Some 
assignment insight, however, can still be had. For example, 
these three cross-peaks can not be assigned to states ttc, tcc, 
or ctc, since populations of this cis peptide bond would not be 
observed. Once again the most populated state can be assigned 
to state ttt, and the other two states, therefore, most probably 
arise from states ctt and tct. These comparisons and tentative 
assignments also allow cross-peaks .in Figure 2 to be assigned 
as follows: 111 with state ttt; IV with state ctt, and V with 
state ttc. Cross-peaks I and 11, by a process of elimination, 
must be assignable to states tct, tcc, or ctc. 

In any event, observation of five of these proline-induced 
multiple states in A14 resonances implies the presence of 

relatively long-range conformational interactions. Normally, 
short linear peptides, like peptide IV-H1, are highly flexible 
with such peptide fold effects being averaged out. Moreover, 
cis-trans proline isomer states are generally only observed with 
sequentially neighboring residues. In the present case, however, 
P9, P12, and PI5 are sequentially proximal and probably tend 
to decrease overall backbone flexibility more than if only one 
proline residue were present. This in turn may promote some 
relatively stable backbone folding. 

Conformation Isomer-State-Spec$c Sequential Resonance 
Assignments. Normally a peptide of 16 residues would give 
about 100 proton NMR resonances. With the possibility of 
observing eight relatively long-lived conformation states in 
peptide IV-H1, however, this number increases to about 800, 
equivalent to a peptide the size of some 128 residues. Of the 
problems that confront us regarding such state-specific reso- 
nance assignments, resonance overlap and varying cis-trans 
isomer state populations are major concerns. For this complex 
situation of conformation-state-specific resonance assignments, 
an alternative approach to resonance assignments had to be 
used. This approach involves the use of proline-substituted 
homologues of peptide IV-H1 (see Figure 1) as mentioned 
above, relative resonance intensity comparisons with already 
assigned states, grouping of partially assigned conformational 
states into more complete state assignments via intrastate NOE 
associations, and state-specific a N  fingerprint NOESY /COSY 
sequential resonance assignments. In some cases, varying 
solution conditions, i.e., pH and temperature, had to done. 
Only through a combination of these could more complete 
conformation-state-specific assignments be made. Moreover, 
due to population differences and experimental limitations, 
like signal-to-noise and resonance overlap, etc., not all states 
could be observed and/or completely assigned. To simplify 
the conformation-state-specific assignment process, states are 
designated for the combination of cisltrans-proline isomers 
from which they arise. A three-letter code is used where each 
position in the code stands for the cis/trans isomer of each 
proline position. These states are identified by lower case 
letters as listed in Table I for the eight possible states. In each 
triplet, "t" and "c" stand for trans- and cis-proline isomers, 
respectively, for P9, P12, and P15 in that order. 

For conformation-state-specific sequential resonance as- 
signments, the best place to start is at chemically, although 
perhaps not conformationally, unique residues. For peptide 
IV-H1, these are V2, D5, N8, W11, Y16, and, as already 
mentioned, A14. COSY spectra of the downfield aromatic 
resonance region for peptide PPP allows spin system groupings 
for W11 and Y16 ring proton resonances (data not shown). 
For W11 and Y16, two aromatic ring proton spin system 
subsets can be traced out. One set displays significantly 
stronger cross-peaks and conventional NMR intensities than 
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PPF 

3.8 

4.0 

4.2 

4.4 

4.6 

W 

1.4 1.2 1.0 
FIGURE 2: COSY contour plots for A14 conformation states. The 
upfield A14 aCH-BCH cross-peak region from 2D 'H NMR 
phase-sensitive COSY contour plots is shown for peptides PPP. 
Assignments given are discussed in the text. The data set was collected 
as 5 12 hypercomplex FIDs containing 2K words and was processed 
on a Sun-3/160 computer. The data set was zero-filled to 1024 in 
the t l  domain. The raw data were then multiplied by a 30O-shifted 
sine-squared function in t l  and t2 prior to Fourier transformation. 
Peptide concentration was 10 mM in 20 mM NaCl. The solution 
had a pH of 7 and a temperature of 15 "C. Labeling of resonances 
is as discussed in the text. 

the other. Since both W11 and Y 16 are sequentially flanked 
by proline residues, one might assume that the set with weaker 
intensity arises from the normally less populated cis isomer 
state (Grathwohl & Wuthrich, 1976, 1981). Since there exists 

Table I: Conformation State Designations for Peptide PPP 
1 5  10 15 
GCKG DKGNPGWPGAPY 

IC Io IC 
peptide bond (c/t)b 

N8-P9 W11-Pl2 A14-Pl5 conf state predicted 
(10/90) (35/65) (10/90) desig fract pop. 
trans 
trans 
trans 
cis 
trans 
cis 
cis 
cis 

trans 
trans 
cis 
trans 
cis 
trans 
cis 
cis 

trans 
cis 
trans 
trans 
cis 
trans 
trans 
cis 

ttt 
ttc 
tct 
ctt 
tcc 
ctc 
cct 
ccc 

0.53 
0.06 
0.28 
0.06 
0.03 
0.03 
0.007 
0.004 

Residues substituted. * Cis/trans proline isomer distributions have 
been taken from Grathwohl and Wuthrich (1981) for short model 
peptides. 

FIGURE 3: A14 region for peptides PPS, PSP, and SPP. The aH-BH3 
cross-peak region from double-quantum filtered COSY spectra of 
peptides PPS, PSP, and SPP is shown. State-specific assignments 
are labeled as discussed in the text. Data sets were collected as 512 
hypercomplex FIDs each containing 2K words and were processed 
by zero-filling to 1024 in the t l  domain and multiplying the raw data 
by a 30O-shifted sine-squared function in t l  and t2 prior to Fourier 
transformation. Peptide concentration varied from about 5 to 10 mM, 
at a pH of 7 and a temperature of 15 "C. NaCl was added to a 
concentration of 20 mM. 

a high probability that Trp C4 and C2 and Tyr C2/C6 ring 
proton resonances at short mixing times will give NOEs to 
their respecitive a- and @-proton resonances (Wuthrich, 1986), 
it can be seen in Figure 4 that both major and minor W11 and 
Y 16 ring proton resonances show this effect. The W11 C4 
and C2 resonances of the major population, identified by 
roman numeral I in Figure 4, give cross-peaks to a resonance 
in the a H  resonance region and to three resonances in the @H 
resonance region. From COSY spectral analysis (Figure 4b), 
the aH and two of the @H region resonances are spin-coupled 
to each other. These can be tentatively assigned to a H  and 
@H resonances of the W11 spin system for the major popu- 
lation. By similar reasoning, it can be seen that the less intense 
W11 C2 and C4 ring proton resonances, roman numeral 11, 
also show NOEs to spin-coupled aH-/3H2 cross-peaks for the 
minor population. The Y16 (2,6) ring proton resonances 
likewise give cross-peaks to Y 16 aH and @HZ resonances, as 
labeled in Figure 4. For Y16, only general spin system 
groupings could be made at this point. 

Assignment to the W11-Pl2 trans or cis state, for example, 
can be made by observing the W11 aH resonance line in the 
NOESY contour plot of Figure 4c. The W11 a H  resonance 
for the major population gives NOEs to one set of nonde- 
generate proline 6H resonances. Only trans-proline will give 
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FIGURE 4: NOE+SY/COSY spectra for peptide IV-HI. One COSY and two NOESY contour plot plates are shown. The two end plates consist 
of D 2 0  NOESY contour plots for the aromatic/upfield resonance region (A) and for the aCH-proline upfield region (C). The middle plate 
(B) is taken from a D 2 0  magnitude COSY contour plot in order to correlate with the NOESY contour plot plates and to follow assignments 
discussed in the text. The data sets were collected in ’H20 (0.6 mL), with 40 mM peptide IV-HI (PPP), pH 7, and no additional salt (low 
ionic strength). A total of 51 2 hypercomplex FIDs containing 1K words were collected and processed on a Sun-3/160 computer. The mixing 
time for the NOESY spectra was 0.1 s. The data set was zero-filled to 512 in 1 , .  The raw data were then multiplied by a 40O-shifted sine-squared 
function in t ,  and t2  prior to Fourier transformation. Labeling of resonances is as discussed in the text. 

such strong NOES from its 6H resonances to the preceeding 
N-terminal a H  resonance where interproton distances are less 
than 4 A (Wiithrich et al., 1984). In the cis state, the daKiJ+,) 
distance is greater than 5 A, and no NOE would be expected. 
On the other hand, a strong d,, NOE would be expected for 
the cis-proline peptide bond (Wiithrich et al., 1984). This is 
obseved in the W 1 1 a H  minor population. Only on this basis 
could definite conformation-state-specific cis-trans assignments 
be made for W11 spin system subsets. 

Having identified frans-Pl2 6H and cis-P12 a H  resonances, 
the remainder of these proline spin system assignments could 
be made by tracing connectivities from their 6H or aH reso- 
nances through to other resonances in the same spin system 
subset. Proline assignments, in general, were independently 
made by comparing the proline resonance regions for peptides 
PPP, PPS, PSP, and SPP. For example, Figure 5 compares 
NOESY contour plot extracts of the proline y/6 resonance 
cross-peak region for peptides SPP and PPS. In the case of 
proline resonances, chemical shifts varied no more than about 
0.05 ppm among mono-proline-substituted peptides, and as- 
signments were generally straightforward as indicated in 
Figure 5.  The previously assigned trans- and cis-P12 resonance 
spin systems were thereby confirmed, and those for P9 and 
PI 5 were also made. 

Although cis-proline resonances are generally found more 
upfield than their trans isomer counterparts (Wiithrich, 1986), 
the cis-P12 spin system is even more highly upfield-shifted than 
expected. In Figure 4c, the cis-P12 spin system has been 
partially traced out. The nondegenerate BH resonances, for 
example, are unusually chemically shifted from each other by 
about 1 ppm; the more upfield BH resonance is most probably 
highly ring current shifted due to proximity with the W11 
aromatic ring system. An average orientation above or below 
the plane of the W 1 1 ring could account for the magnitude 
of this shift. 

Jumping next to A14 aH resonances that have been iden- 
tified in Figure 2, it is apparent that the two most downfield 
A14 aH resonances (labeled I1 and I11 in Figure 2) reflect 
the xxt state by virtue of relatively strong cross-peaks to P15 
6H resonances (Figure 4c). The A14, PH, resonance V lacks 
cross-peaks to proline 6H resonances but does display one to 
an aH resonance, probably that of cis-P15 as indicated in 
Figure 4c; this, therefore, can be assigned to the A14-cis-Pl5 
state, i.e., state xxc. These observations are consistent with 
assignments made from analysis of data in Figure 3. The 
minor A14 a H  resonance IV is not observed in Figure 4, 
probably due to its minimal population. It should also be noted 
that A1 4 cross-peak chemical shifts are slightly different from 
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FIGURE 5 :  Comparison of proline resonance region for peptides PPs 
and SPP. Two COSY contour plot plates are shown for the 8-13 and 
7-6 proline resonance regions for peptides PPS and SPP. Data have 
been collected and processed as described in the legend to Figure 3. 
Labeling is as discussed in the text. 

those shown in Figures 2 and 3 due to the absence of added 
NaCl in the Figure 4 data sets. As mentioned earlier, varying 
solution conditions was necessary to resolve and, therefore, to 
assign cross-peaks. In this case, A14 in some states is ap- 
parently proximal to a titratable carboxylate group, thus ac- 
counting for its sensitivity to varying ionic strength. 

Only two AMX type residues, D5 and N8, remain unas- 
signed, whereas the COSY spectrum (Figure 4b) indicates that 
about six AMX spin systems are still unassigned. Multiple 
D5 spin systems, labeled I, 11, and 111, were recognized by their 
pH-dependent chemical shift changes, which reflect a car- 
boxylate side-chain titration with a pK, value of about 4 (data 
not shown). This is later confirmed by assignment of the 2D 
NMR a N  NOESY fingerprint region where conformation- 
statespecific assignments for D5 will be made. This accounted 
for three of the remaining six AMX spin systems. The two 
most downfield-shifted resonances, labeled N8 I and 11, of the 
three remaining AMX spin systems give strong cross peaks 
to P9 6H resonances. Since only N8 sequentially precedes a 
proline residue, i.e., P9, assignment of these to N8 in the txx 
state could be made. Another N8 conformation state can be 
identified with state cxx, as indicated in Figure 4b by roman 
numeral 111. This minor state N8 a H  resonance shows a 
cross-peak to a cis-P9 a H  resonance (observable in other 
NOESY data sets). 

At present, partial conformation-state-specific assignments 
have been made for the three proline residues, i.e., P9, P12, 
and P15, as well as for N8, W11, and A14. General spin 
system assignments have also been made for D5 and Y16 
without regard to specific cis-trans proline isomer states. The 
link between a partial conformation-state assignment, e.g., xcx, 
and a complete conformation state assignment, e.g., tct, is not 
as straightforward. From Figure 3, some tentative confor- 
mation-state assignments have been made for A14 resonances. 
N8 resonances can be assigned to specific conformation states 
as well. Of the three N8 aH-@H resonance sets, the least 
populated one (already partially assigned to state cxx) can now 
be assigned to state ctx since state ccx has the lowest proba- 
bility of being observed (Table I). Of the two N8-trans-P9 
spin system subsets, the more populated one, labeled N8 11, 
can be tentatively assigned to the ttx state, and the other to 
the tcx state, labeled N8 I in Figure 4b. The N8 ttx state 
assignment can be confirmed since one set of txx N8 PH 

resonances shows NOES to the xtx W11 PH resonances (to 
be discussed in terms of conformational constraints in the next 
section). 

From analysis of HOHAHA and COSY (Figure 4) spectra, 
a N  cross-peaks can be at least partially identified or grouped 
in the double-quantum filtered COSY contour plot (Figure 
6). Here, V2, K3/K6, D5, N8, W l l ,  A14, and Y 16 cross- 
peaks have been labeled or grouped if multiple resonances were 
apparent. The remainder of these cross-peaks must belong 
to glycine, labeled with a G in Figure 6, i.e., for G1, G4, G7, 
G10, and G13 resonances. It is interesting to note that while 
most multiple resonances for a given spin system are generally 
grouped close together, cross-peaks for W 1 1 and especially 
for A14 are more separated, suggesting a greater conforma- 
tional influence at these residue positions. Notably, both W1 l 
and A 14 are sequentially positioned between the three back- 
bone-constraining proline residues. 

The NOESY a N  fingerprint contour plot for peptide IV-H1 
(Figure 7) allows sequential assignments of multiple states to 
be made. Since tracing through all species in one plot would 
be confusing, Figure 7 traces through state ttt only. The V2 
aH-NH cross-peak is apparently unique and allows one to 
trace through the first four residual aH-NH patterns. Re- 
gardless of the specific isomer state, an unambiguous a N  
tracing can be made from G1 a C H  to G4 aCH. Multiple 
resonances for other N-terminal residues G1, K3, and G4 are 
also generally not apparent. K3, however, in its upfield a/3 
domain, does demonstrate two spin system sets beginning at 
its a H  resonance; shift differences in K3 backbone and side- 
chain resonances are only about 0.005 ppm. Obvious con- 
formational multiplicity among these states appears to begin 
at residue D5 through to the C-terminus. 

The most intense D5 resonance, as seen in the Figure 6 
COSY spectrum and here in Figure 7, was assigned to state 
ttt in accord with expected isomer state populations given in 
Table I. A clear tracing from D5 to G7 could then be followed 
(Figure 7). N8 a H  resonance positions for states ttx, tcx, and 
ctt could be identified from data given in Figure 4. Since 
peptide PPS shows similar multiple N8 spin system patterns, 
P15 plays no apparent role in N8 multiple conformation states. 
For this reason and from predicted isomer state populations 
(Table I), states ttx and tcx have been more completely as- 
signed as states ttt and tct, respectively. Considerable overlap 
of glycine resonances prohibited a clear tracing from the G7 
crH resonance in state ttt to the respective N8 N H  resonance 
cross-peak. W 1 1 N H  resonances were easily followed from 
their respective OH resonances. In this NOESY experiment, 
three, not two, sets of W11 BH resonances are apparent; these 
presumably arise from states ttt, tct, and ctt or ttc. The most 
intense W 11 spin system subset was assigned to state ttt; this 
subset was, in fact, already independently assigned to state 
xtx (Figure 4). The ttt state W11 N H  can be traced to G10 
aH,  and from G10 N H  to p9 aH.  Since a cis-proline a H  is 
not expected to show an NOE to its C-terminal neighbor N H  
resonance, this must be a truns-P9 a H  resonance, thus sup- 
porting this state ttt assignment. Lastly, since an A14 PH3 
resonance has already been assigned to state ttt, its A14 N H  
resonance can be traced to G13 aH,  and G13 N H  to P12 aH.  
By the same reasoning used above for assignment to truns-P9, 
this P12 a H  resonance must also be from the trans isomer 
state. Notice that GI3  resonances are significantly shifted 
from other glycine resonances, probably indicating confor- 
mational and/or W 1 1 ring current shift effects. Multiple Y 16 
cross-peaks overlap somewhat in the a H  domain (Figure 4). 
From intensity comparisons and distributions shown in Table 
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FIGURE 6: Double-quantum filtered COSY of the aN fingerprint 
region. The aH-NH fingerprint region from a double-quantum 
filtered COSY spectrum of peptide IV-HI is shown. Cross-peak 
labeling and state-specific assignments are discussed in the text. Data 
sets were collected as 5 12 hypercomplex FIDs each containing 2K 
words and were processed by zero-filling to 1024 in the r ,  domain 
and multiplying the raw data by a 30O-shifted sine-squared function 
in t l  and t2 prior to Fourier transformation. Peptide concentration 
was 40 mM, at a pH of 6 and a temperature of 15 OC. 

I, the more upfield Y 16 NH resonance can be assigned to state 
ttt (most intense), while the more downfield Y16 N H  can be 
assigned to state ttc due to its sequential proximity to P15 and 
to the fact that Y 16 multiple resonances are not observed in 
peptide PPS. 

As is evident from the above paragraph, the general ap- 
proach to conformation-state-specific sequential resonance 
assignments is to trace aN(i,i+l) spin-system subset sequential 
fragments through to recognizable trans-proline, i.e., P9 and 
P12, a H  resonances that, from state to state, are relatively 
close in chemical shift as indicated in Figure 7 (boxed in with 
a broken line) For these trans-proline assignments, it has been 
assumed that cis-proline aH resonanca are considerably more 
chemically shifted, presummably upfield, and, as mentioned 
above, that these groups of P9 and P12 aH to C-terminal NH 
resonance cross-peaks arise from the trans state. Relative 
overall isomer state populations are then compared with 
predicted proline isomer distributions given in Table I for 
possible assignment candidates. For instance, of the presum- 
med P9 aH cross-peaks, none can be due to state cxx; 
therefore, according to Table I, the only remaining candidates 
with sufficient populations to be observed are states ttt, ttc, 
tct, and tcc. State ttt is expected to have the largest population. 
Of the remaining three possibilities, state tct is predicted to 
be second most populous and can therefore be assigned to the 
more downfield of these P9 a H  cross-peaks. For greater 
confidence in these state-specific assignments, mono-proline- 
substituted analogues are used. Figure 8 gives the same aN 
NOESY fingerprint contour plot region for peptides SPP and 
PPS. For peptide SPP, these P9 cross-peaks are absent as are 
those associated with upfield P9 resonances; multiple S9 
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FIGURE 7: NOESY aCH-NH fingerprint region of peptide IV-H1. 
The aCH-NH resonance region from a NOESY contour plot is shown 
for sequential resonance assignments. Data were collected in lH20 
(0.6 mL) with 40 mM peptide IV-HI at pH 6 and 15 OC. A total 
of 5 12 hypercomplex FIDs containing 1K words were collected and 
processed as discussed in the legend to Figure 4. The mixing time 
was 0.4 s. Labeling of resonances is described in the text. 

cross-peaks, however, are observed in their place. For peptide 
PPS, only two such P9 aH cross-peaks are found. These must 
be due to states ttx and tcx. The three P9 a H  cross-peaks 
observed for peptide IV-H1 (PPP) must be due to states ttt, 
tct, and ttc for several reasons; (1) cis-P9 shows no such N O E  
(2) P15 must have some infuence at position P9 since one such 
cross-peak vanished in peptide PPS; and (3) population ar- 
guments are such that state ttc should have a larger population 
than state tcc. Furthermore, for sequential assignments that 
involve residues N8, W 1 1 ,  and A14, these arguments can be 
checked by previous partial or full conformation state as- 
signments. The remainder of these conformation-state-spific 
assignments has been made by using similar arguments. 
Resonance assignments for all identifiable isomer-specific 
states are listed in Table 11. 

Preferred Conformation Populations of State ttt. As in- 
dicated above, peptide IV-H1 must exist in solution in some 
reasonably defined conformational populations. Initial indi- 
cation that state ttt exists in a preferred conformation(s) comes 
from the observation that chemical shifts are significantly 
different from those observed in random coil tetrapeptides 
(Bundi & Wiithrich, 1979). In fact, when these random coil 
shifts are compared with those values given in Table 11, shift 
differences in backbone N H  resonances for residues N8, G13, 
A14, and Y16 range from 0.3 to 0.8 ppm; smaller yet sub- 
stantial N H  shift differences in the 0.15-0.3 ppm range are 
also noted for V2, K3, D5, and W 1 1  N H  resonances. Al- 
though in short linear peptides such chemical shift differences 
from random coil positions for a H  and @H resonances are 
normally much less than those for N H  resonances, peptide 
IV-H1 also has many residues showing substantial differences 
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FIGURE 8: NOESY a N  fingerprint region of peptides SPP and PPS. The aH-NH NOESY fingerprint region for peptides SPP and PPS 
are shown for comparison with data in Figure 7. NOESY data have been collected and processed as discussed in the legend to Figure 7, and 
labeling is as discussed in the text. 

for aH and OH resonances in the 0.2-0.3 ppm range: D5, K6, 
N8, W11, P12, G13, A14, P15, and Y16. Moreover, the signs 
of these shift differences are both positive and negative, in- 
dicating that a systematic error in these comparisons is un- 
likely. Given the unpredictable nature of chemical shifts, 
however, such comparisons can perhaps only be used to support 
the idea that a purely random structure for peptide IV-H1 does 
not exist. The largest shift differences are observed for residues 
in the C-terminal domain, which contains the three back- 
bone-constraining proline imino acid residues. This suggests 
that a more preferred conformation exists within this sequence 
domain. 

A consistent network of interresidue NOEs, some of which 
are identified in Figures 9 through 12 with others being sum- 
marized in Figure 13, allows deduction of preferred peptide 
backbone folding patterns that limit the number of possible 
conformations normally available to a peptide the size of IV- 
H1. In combination with NMR data on long-lived backbone 
NHs, the temperature dependence of NH chemical shifts, and 
structurally informative 3JaN coupling constants (Figure 13), 
these NOE data give evidence for a peptide IV-HI state ttt 
solution conformation consistent with the presence of signif- 
icant populations of multiple j3-turns centered at K 3 4 4 ,  
K 6 4 7 ,  P9-Gl0, and P12413 ,  and a y-turn centered at P15. 
Cross-peaks in Figures 9 through 12 have been labeled for 
sequential assignments identified in the previous section. For 
proline isomer states tct, ttc, and ctt, three-letter code labels 
have been used, while for cross-peaks belonging to state ttt, 
the ttt three-letter code label has been omitted. 

Figure 9 shows the NH-NH resonance region from an H2O 
NOESY contour plot. Four N H  to N H  NOES are apparent 
in state ttt: two medium NOEs between GlO-Wll and 
G13-Al4 NHs, and two weak NOES between G4-D5 and 
G7-N8 NHs. Similar NH-NH NOEs are apparent for some 
of these same residue pairs in other states as labeled in Figure 
9. While the observation of d”(,,,+I) NOES suggests the 

presence of some folded structure, it is uninformative as to how 
much folded structure there is, or what that (those) possible 
structure(s) is (are). NOESY contour plot extracts shown in 
Figures 7, 10, 1 1 ,  and 12 identify additional interresidue NO& 
that further limit possible structures. Figure 10 is taken from 
a H20 NOESY data set in order to show NH and aromatic 
residue ring proton through space connectivities to a H  and 
more upfield proton resonances. Figure 1 1  is a contour plot 
of the same resonance region, but from a D20 NOESY data 
set to remove any ambiguity arising from aromatic and amide 
proton resonance overlap. In this case, only aromatic ring 
proton resonance connectivities to upfield proton resonances 
are observed, as labeled in the figure. Figure 12 indicates ,t?H 
and proline 6H NOE connectivities. Figure 13 summarizes 
these NOE data, gives 3JaN coupling constants below 6 Hz 
and above 8 Hz, and identifies possible H-bonded backbone 
amide protons from long-lived backbone N H  resonances and 
temperature dependencies of NH resonances. 3JaN coupling 
constants were generally structurally uninformative expect in 
a few cases; most of these fell in the 6.5-8 Hz range, which 
by itself is normally structurally uninformative for short linear 
peptides like peptide IV-H1 (Kessler & Bermel, 1986). 

The following subheadings of this section are organized for 
specific amino acid sequences in order to address NMR pa- 
rameters that allow deduction of structural elements in that 
particular sequence. Deduced structures discussed in these 
subheadings refer to state ttt. 

V2, K3, G4, and D5. Starting from the N-terminus, the first 
apparent turn is evidenced by a dNN NOE between G4 and 
D5 (Figure 9) and a daN(,,i+2) NOE between K3 and D5 
(Figure 7). NOES have also been noted between the G4 NH 
and the V2 yH3 and K3 /3H2 and yH2 resonances (Figure 10). 
A )JaN coupling constant of 5-6 Hz for K3 is also consistent 
with a &turn within this sequence (Wuthrich, 1986). 
Moreover, a medium-sized V2-K3 daN NOE (even at short 
mixing times, Le., 0.1 s) and a V2 3JaN coupling constant of 
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Table 11: IH NMR Sequence Assignments (DDm)' 

residue 
(state) NH aCH BCH others 

GI 3-82 
8.60 4-12 
8-61 4.24 

8.61 4.23 

8.44 (3.87)b 
8.27 4.51 
8.30 4.53 
8.22 4.47 
8.42 4.12 

8-41 4-04 

8.31 4.03 

8.37 3.85 
8.32 3.77 
8.36 3.8 
8.18 4.88 
8.19 4.93 
8.16 4.77 

4.32 
4.39 
4.31 
4.58 

8.39 3.79 
8.47 3.86 
8.35 3.78 
7.93 4.91 

7.96 4.49 

(ctt) (or ttc?) 7.87 4.90 
P12 (ttt) 4.32 

(tct) 3.31 

(ttc) 4.36 
(ctt) 4.35 

GI3 (ttt) 7.62 3.65, 3.75 
(ttc) 7.71 3.57, 3.77 
(tct) 8.34 3.78 
(ctt) 7.78 3.73 

(ttc) 7.87 3.81 
(tct) 8.14 4.42 

(ctt) 8.08 3.81 

A14 (ttt) 7.94 4.30 

(tcc/cct?) 8.14 4.17 

P15 (ttt) 4.3 1 
(ttc) 4.32 
(tct) 4.3 1 

(ttc) 7.50 4.35 

Y I ~  (ttt) 7.47 4.82 

2.06 y = 0.89 
1.68, 1.74 = 1.34, 1.37; 

6 = 1.63; c = 2.93 

e = 2.94 
1.69, 1.73 y = 1.35; 6 = 1.64; 

2.60 
2.60 
2.59 
1.63, 1.73 

1.60, 1.67 

y = 1.26; 6 = 1.54; 

y = 1.21; 6 = (1.54); 
= 2.88 

= (2.88) -, = 1.26, 1.18; 1.57, 1.66 
6 = 1.49: e = 2.85 

3.13. 3.27 7.62 (4H), 7.21 (2,6H); 
7.46 (7H), 7.10 (SH) 

3.17 7.50 (4H). 7.21 (2.6H); 
7.48 (7H), 7.10 (5H) 

3.13, 3.28 
2.12, 1.80 
0.65, 1.53 

(?I (9 
(?I (9 

y = 1.83; 6 = 3.72,3.38 
y = 1.38, 1.48; 

6 = 3.31, 3.01 

aSolution conditions are pH 6.0, 288 K, and 10% *H20/90% IH20. The 
HDO resonance is 4.86 ppm downfield from TSP. bThe chemical shift 
varies slightly from state-to state; resonance overlap prohibits specific as- 
signments. 

8-9 Hz suggest an extended chain population for N-terminal 
residues V2-K3 going into the turn conformation. In this 
structure, the D5 carboxylate group would be proximal to the 
N-terminal NH3+ and/or the K3 e-NH3 group for possible 
salt-bridge formation and tum stabilization. Furthermore, the 
V2 N H  not only is long-lived at  pH 3.5 and 2 OC but also 
shows one of smallest N H  resonance temperature coefficients 
(0.0033 ppm/deg) at pH 6 and 15 OC (Figure 13), suggesting 
probable hydrogen-bond formation. This proposed hydrogen 
bond could be formed among several possibilities, including 
the D5 backbone carbonyl oxygen or the D5 side-chain car- 
boxylate oxygen. Additionally, the absence of a long-lived 
backbone amide proton and a relatively large N H  temperature 
coefficient (0.01 1 ppm/deg) for D5 suggests that a tight Btum 
for this sequence does not form, although this is difficult to 

. . .. 
1 1 1 1 1 1 1 

8.30 7.90 7.50 7.10 

FIGURE 9: NOESY spectrum NH resonance region. A 500-MHz 
'H NMR NOESY contour plot of the NH resonance region for 
peptide IV-H1. The data set was collected in 90% iHzO/IO% 'HZO 
(0.6 mL) with 40 mM peptide and no additional salt (low ionic 
strength) at pH 6 and 15 OC. A total of 512 hypercomplex FIDs 
containing 1K words were collected and processed on a Sun-3/160 
computer. The mixing time was 0.4 s. The data set was zero-filled 
to 512 in ti. The raw data were then multiplied by a 40° shifted 
sine-squared function in t i  and t2 prior to Fourier transformation. 
Labeling of resonances is as discussed in the text. 

8.5 8!0 PPM 7f5 
FIGURE 10: NOESY spectrum of NH/upfield region. The NH/ 
upfield region of the NOESY data set discussed in the Figure 9 legend 
is shown. Boxed in cross-peaks are labeled as discussed in the text. 

interprete for a normally highly flexible terminal segment; on 
the other hand, the presence of a network of NOES and 
structurally informative 3J,N coupling constants suggests that 
flexibility may not be the answer here and that a tight &turn 
may in fact not form. 

Although these NMR/NOE data give evidence for a sig- 
nificant &turn population within the V2-D5 sequence, the 
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FIGURE 1 1 : D20 NOESY spectrum of aromatic/upfield region. This 
NOESY data set was collected as described in the Figure 9 legend. 
The peptide was dissolved in D20 in order to exchange all labile amide 
protons. Connectivities are therefore shown between aromatic ring 
proton resonances and upfield aliphatic proton resonances. 
specific type of turn, e.g., I or 11, has yet to be addressed. As 
the major classes of &turns, type I and type I1 turns differ 
largely in the relative orientation of the turn position 2-3 
peptide bond (Rose et al., 1985). In type 11, the position 3 
N H  is orientated nearly in the same direction as the position 
2 aH. In type I, it points in the other direction. Ambiguity 
exists in the V2-D5 sequence as to which turn type may be 
present. A type I1 conformational population is evidenced by 
a large daN NOE between K3 and G4 (Figure 7), observed 
even at  short mixing times, i.e., 0.1 s, indicating a preferred 
short daN(,,,+,) distance between K3 and G4 like that required 
for a type I1 turn. With short linear peptides, however, this 
is difficult to resolve on the basis of a daN NOE alone. In this 
case, however, the daN NOE magnitude may be meaningful 
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FIGURE 12: D20 NOESY spectrum of upfield region. A NOESY 
contour plot is shown for the upfield region of peptide IV-HI in D20. 
Proline bH and N8, W 1 1 ,  and AI 4 BH connectivities are boxed in 
as discussed in the text. Experimental details are given in the legend 
to Figure 9. 

since other daN NOES in the N-terminal domain are much 
smaller at a mixing time of 0.1 s (Figure 13). Glycine coupling 
constants could be helpful in establishing the turn type, but 
most glycine a N  cross-peaks overlap and an unambiguous 
analysis of G4 coupling constants is impossible. An additional 
network of NOES among the G4 NH and K3 and V2 side- 
chain resonances (Figure lo), on the other hand, supports a 
type I turn conformation. Since the N-terminus seems to adopt 
a more extended chain conformation as noted above, the V2 
and K3 residues would be positioned on the same side of the 
&turn, and the only way to explain an NOE between the G4 
N H  and the V2 yH3 resonances (not to mention those with 
the K3 side-chain resonances) is with a turn type I confor- 
mational population. This apparent ambiguity may be ex- 
plained by a recent structure analysis of cyclic pentapeptides 
as models for reverse turns (Stradley et al., 1990), which 
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structural preference for a turn involving these residue posi- 
tions. 

The P9 6H resonances show NOES not only to the N8 a H  
resonance but also to the N8 PH resonance; these NOES have 
been boxed in in Figure 12. At shorter NOESY mixing times, 
one of these four cross-peaks (boxed in with a dashed line) 
appears strongest, suggesting that a preferred N8 side-chain 
conformation is favored in the structure. This was initially 
suggested by the presence of nondegenerate N8 OH resonances 
and significant chemical shift differences from random coil 
positions as mentioned above. The same can be said for the 
W 1 1 residue both as regards nondegenerate /3H resonances 
and P12 6H-W11 j3H and N8 j3H-Wll OH relative NOE 
magnitudes. In fact, stereospecific OH assignments can be 
made. The N8 OH proton that gives the largest NOE to one 
of the P9 6H resonances also gives the largest NOE to one 
of the W11 @H resonances. That W11 OH resonance, in turn, 
gives the largest NOE to one of the P12 6H resonances. This 
information suggests that N8 and W11 @HZ groups in peptide 
IV-HI are relatively less mobile than side-chain @-methylene 
groups in similar short linear peptides. 

Although PG residues are normally found in positions 2 and 
3 of type I1 &turns (Dyson et al., 1988a), a clear NOE be- 
tween the G10 N H  in position 3 of the turn and the P9 6H 
resonance (Figure 7) is consistent with a turn type I population. 
Interestingly, although G10 is proposed to be in turn position 
3, its N H  is both long-lived and exhibits one of the smallest 
temperature coefficients, suggesting a significant hydrogen- 
bond population. Consistent with the network of observed 
NOES within this domain is the position of the N8 side-chain 
amide carbonyl oxygen within range of the G10 N H  for 
possible hydrogen-bond formation. This specific hydrogen 
bond could only occur in a type I &turn conformation. Al- 
ternatively, a range of orientations for the G10 N H  between 
a type I turn and a y-turn to the N8 carbonyl would also be 
consistent with these data. In some ways, a peptide bond 
orientation more toward a y-turn, or between a 0-turn type 
I and a y-turn, would best account for the network of G10 
NH-P9 NOEs, as well as for possible steric hinderance with 
the bulky W11 side-chain ring. 

W l l ,  P12, G13, and A14. A fourth 0-turn is found in this 
segment. As with the N8-Wll turn, a dNN NOE is observed 
between turn position 4 (A14) and turn position 3 (G13) 
(Figure 9), and a dse(iJ+3) NOE is observed between W11 and 
A14 (Figure 12). An A14 'JaN coupling constant of 5-6 Hz 
supports the presence of a preferred @-turn conformation within 
this domain. The only clearly resolved glycine cross-peak, G13, 
gives individual 3JaN coupling constants of 8-9 and 5-6 Hz, 
also consistent with this proposed 0-turn. In this case, no 
d,N(r,i+z) NOE could be observed between P12 and A14 due 
to overlap of A1 4 and P12 aH resonances. The presence of 
strong G13 N H  to P12 a H  and 0H NOEs (Figure 10) sup- 
ports the presence of a type I1 @turn. Moreover, PG residues 
have a high probability of being in positions 2 and 3 of a type 
I1 ,!?-turn (Dyson et al., 1988a). Furthermore, steric hinderance 
of the P12 and W 1 1 ring systems in a type I turn conformation 
would probably inhibit significant turn I populations for this 
specific sequence. 

A network of NOES supportive of this type I1 turn con- 
formation is also observed between W11 ring proton resonances 
and P12, A14, P15, and G7 resonances as indicated in Figure 
1 1. Since the W 1 1 2H and 6H ring resonances overlap, am- 
biguity, regarding structure elucidation, arises from their 
analysis. On the other hand, W11 4H, 5H, and 7H ring 
resonances are resolved from each other. Both the 4H and 

m u m  13: Summary of NMR data for peptide IV-HI. The peptide 
sequence of IV-HI is shown together with 'JaN coupling constants 
below 6 Hz (A) and above 8 Hz (A). Long-lived amide protons are 
indicated by a filled-in circle for backbone N H  positions where N H  
resonances were present long enough to give a magnitude COSY 
cross-peak (about 6 h at 2 "C) as discussed under Materials and 
Methads, a larger circle indicates a relatively longer lived NH by virtue 
of a larger remaining COSY cross-peak. The temperature dependence 
of N H  resonance chemical shifts are indicated for values of 
0.003-0.0035 (0) and 0.00354.0042 (m) ppm/deg. The most tem- 
perature-dependent N H  belonged to D5 with 0.01 1 ppm/deg. In- 
terresidue NOEs are identified according to WUthrich (1986). 8- 
and y-turn positions are indicated above or below the peptide sequence 
by lines connecting the first and last residue in each turn. "S" in a 
subscript stands for "side chain". A "?" indicates overlap prevented 
observation of a possible crawpeak, and an "x" below the line indicates 
that this NOE definition is inapplicable. 

showed that type I and type I1 turns are in dynamic equilib- 
rium, fast on an NMR time scale. In this respect, both turn 
types could coexist in equilibrium, exhibiting structural 
characteristics of both turn populations. 
D5, K6, G7, and N8. A reverse turn in this sequence is 

evidenced by a G7-N8 dNN NOE (Figure 1) and a daN(i,i+l) 
NOE between K6 and N8 (Figure 7). For various reasons, 
insight into a specific turn type can not be had. K6 and G7 
N H  resonances overlap, such that observation of any possible 
NOES between the G7 N H  and D5 or K6 resonances cannot 
be unambiguously made. Moreover, 3JaH coupling constants 
for G7 cannot be resolved due to overlap with most other 
glycine resonances, and the K6 3JaN coupling constant is about 
7.5 Hz. 

N8, P9, GIO, and WII.  G10-Wl1 dNN (Figure 1) and 
P9-W11 daN(i,i+z) NOES (Figure 7), in combination with an 
observed long-lived backbone W11 N H  and a significantly 
reduced N H  temperature coefficient (0.004 ppm/deg) (Figure 
13), indicate a significant &turn population within this se- 
quence. Unlike the first two N-terminal turns identified above, 
this @-turn shows additional "long-range" NOES between the 
/3H2 resonances of N8 and W11 (Figure 12) in turn positions 
1 and 4, respectively, supporting the N8-W11 turn assignment. 
This dsa(i,i+3) long-range NOE both increases our level of 
confidence in the presence of this turn as well as indicates the 
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in some preferred conformation on the basis of the observation 
that Y 16 @H reSonanceS are better separated in chemical shift 
than they were in state ttt, but it is unclear what that con- 
formation might be. 

Circular Dichroism. The far-ultraviolet CD spectrum of 
peptide IV-H1 is shown in Figure 14. The spectrum gives 
a strong negative ellipticity peak at 192 nm with a shoulder 
at about 205 nm. A weak negative band can also be observed 
at 235 nm. This spectrum differs appreciably from CD spectra 
of peptides known to assume random coil conformations in 
solution. Moreover, this CD trace differs from CD spectra 
of model peptides containing @-turns of various types (Chrisma 
et al., 1984; Rose et al., 1985). Normally, 8-turn structure 
exhibits a strong negative band at about 190 nm with two 
positive bands at  about 200-205 and 220-225 nm; helical 
structures generally give a strong positive band at about 195 
nm with weaker negative bands at about 210-215 and 220-225 
nm. For peptide IV-H1, the strong negative band at 192 nm 
by itself is consistent with &turn type structure (Rose et al., 
1985). The remainder of the spectrum suggests the presence 
of additional conformational types. Gaussian analysis of the 
CD spectrum in Figure 14 suggests the presence of about 52% 
@-turn, 10% helix, and 38% random coil or other type structure. 
Furthermore, the weak negative band at 235 nm is typical of 
y-turn conformation (Chrisma et al., 1984), consistent with 
NMR structural data for the A14-Pl5-Yl6 sequence pres- 
ented above. In short, the CD spectrum of peptide IV-H1 can 
most reasonably be said to arise primarily from the presence 
of two or more &turns; however, the spectral characteristics 
are not consistent with the majority of 8-turn models examined 
to date. 

Biological Activity of Walk-Through" Peptides. Since 
peptide IV-H1 consists of a GX,X2 sequence repeat motif that, 
at least in solution, forms a multiple ,&turn structure with 
glycine always in position 3 of a @-turn, one could ask the 
question if all or only some of these turns or GXlX2 repeats 
are necessary for full peptide IV-HI cell adhesion activity-the 
idea being that perhaps only one turn may be necessary for 
promoting cell adhesion. In order to gain some insight into 
this question, overlapping sequence "walk-through" peptides 
were synthesized as shown in Figure 15. Peptide IV-H1, 
which consists of five GXlX2 repeat units, is number 4 on this 
list. Other peptides differ from it by moving one GXlX2 unit 
at a time along the parent type IV collagen sequence in either 
the N- or C-terminal direction; as an internal control, the 
length of each peptide is always conserved at 15 residues or 
5 GXIXz triplets. 

Cell adhesion activity was assayed for each peptide, as 
described under Materials and Methods. The results are 
displayed in bar graph format in Figure 15 as relative percent 
cell adhesion. Relative refers to cell adhesion activity relative 
to peptide IV-H1, which was arbitrarily set at 100%. These 
results indicate that removal of any part of peptide IV-H 1 
C-terminal nonet that includes the three proline residues re- 
duces cell adhesion activity to near background, while removal 
of one or two of the N-terminal GXIXz triplets reduces cell 
adhesion activity only by about half. Although the mechanism 
of cell adhesion is quite complex, it seems clear that the 
GNPGWPGAP sequence is absolutely necessary for any 
significant level of peptide IV-H1 cell adhesion activity. Any 
one of these GXIXz units alone is not sufficient; all three must 
be present. 

DISCUSSION 
Short linear peptides, like peptide IV-HI, generally exist 

in solution in an ensemble of highly fluctuating structures 

5H resonances give long-range NOEs to the A14 8H3 reso- 
nances, and, surprisingly, to the G7 cuHz resonances, while the 
7H resonance, and presumably the 6H resonance, gives NOEs 
to the A14 pH3 and P15 dH resonances. This network of 
NOES is consistent with the W 1 1 phenyl ring positioned above 
the 8-turn plane and the imidazole ring positioned above the 
P12 ring. The D5-N8 turn plane would then be stacked more 
or less above the W11 ring plane. In this model, the W11 ring 
would be somewhat sandwiched between two turns. This 
structure accounts for the W11 4H/5H to G7 aH2  NOES and 
is consistent with the observation that G13 and A14 resonances 
are more upfield, presumably ring current, shifted than their 
random coil counterparts (Bundi & Wiithrich, 1979). 

AZ4, PZ5, and YZ6. While it is unusual for terminal pos- 
itions in short linear peptides to exist in any perferred con- 
formation, peptide IV-HI seems to be an exception. The Y16 
3JaN coupling constant, like the A14 coupling constant, is 5-6 
Hz, and the Y16 N H  is relatively long-lived with a reduced 
temperature coefficient (Figure 13), suggesting the presence 
of an interresidue hydrogen bond. The Y16 N H  gives an 
expected NOE not only to the P15 a H  resonance (Figure 7) 
but also to the P15 /3H and y H  resonances and the A14,9H3 
resonance (Figure 10). The Y16 (2,6) ring proton resonance 
shows NOES to the P15 @/yH and A14 8H3 resonances 
(Figure 11). On the N-terminal side of P15, the A14 j3H3 
resonance gives strong NOES to the P15 6H resonances. 
Supporting the idea of this preferred C-terminal conformation 
is the fact that Y16 /3H resonances are nondegenerate and 
highly chemically shifted from their random coil positions. 
Taken together, these data strongly suggest a highly populated 
y-turn conformation from A14 to Y16, with a hydrogen bond 
between the Y 16 N H  and the A14 carbonyl oxygen and the 
Y 16 ring stacked on top of the P15 ring and the y-turn plane. 

Conformational Populations in Other States. Although 
most structural information derived from these NMR data 
concerns state ttt, some information is found for other pro- 
line-induced isomer states tct, ttc, and ctt. At least some of 
the preferred structure identified for state ttt is preserved in 
these minor states. The apparent lack of NMR/NOE in- 
formation in minor states tct, ttc, and ctt is most probably due 
to lower overall cis/trans proline isomer populations and 
perhaps lower structural populations in these states. 

No interresidue i,i+2 or greater NOES have yet been ob- 
served in minor states tct, ttc, or ctt. NH-NH NOES are, 
however, observed between G7 and N8 and between G10 and 
W 11 in states tct and ttc (Figure 9). The state tct W11 N H  
is also relatively long-lived as in state ttt. This information 
suggests that turns may be preserved in the same positions as 
noted in state ttt, i.e., D5-N8 and N8-W 1 1. The same may 
be said for the V2-D5 turn, but near overlap of D5 N H  
resonances in these states makes it difficult to assess whether 
these dNN NOES are still present. 

It is interesting to note that the state ttt medium G13-Al4 
dNN NOE is not obseved in any of these three minor states. 
State tct and ttc populations should be large enough to allow 
observation of this NOE if it were to exist, especially since 
d" NOES were observed for other residue positions in these 
states. This suggests that the P12 and P15 isomer states are 
critical to the Wll-A14 &turn formation. While it seems 
apparent why the P12 cis state would disfavor such a turn 
structure, it is not apparent why P15 cis state would. Perhaps 
the cis-P15 ring causes steric hinderence to turn formation 
within this sequence. 

In state ttc, the C-terminal Y16 residue also seems to exist 
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FIGURE 14: Far-ultraviolet CD spectrum of peptide IV-H1. The 
circular dichroic spectrum of peptide IV-H 1 is shown as millidegrees 
versus wavelength (nm). The peptide concentration is 0.1 mg/mL 
in 20 mM phosphate buffer, at pH 6.5 and 15 “C. Other experimental 
variables are given under Materials and Methods. 

whose NMR spectral parameters average. Normally the 
presence of one proline residue, for example in the middle of 
a peptide chain, would dampen backbone flexibility at its own 
and, via steric effects, possibly sequentially neighboring peptide 
bonds, but that would still leave N- and C-terminal segments 
with considerable degrees of freedom for rapid “NMR time 
scale” structural interconversion averaging. Two sets of res- 
onances due to &/trans isomer states will then be observed 
for residues sequentially neighboring that proline residue. With 
three proline residues present in one peptide, however, one 
possibility would be to observe cis/trans states in residues 
proximal to each respective proline. In other words, residues 
sequentially well removed from that particular proline would 
not be sensitive to its &/trans isomer state. In peptide IV-H1, 
this is not the case. Each proline undergoes the normally 
observed, relatively slow, cis/trans peptide bond intercon- 
version, but, at a given residue position in peptide IV-H1, more 
than the one or two expected conformation states are observed. 
With three prolines and two isomers, a total of eight states 
are possible. Some of these have been observed at specific 
residues, and others have not been observed due to populations 
that fall into the NMR spectral noise level. For example, five 
A14, four G13, and three W11 species, to mention a few, have 
been observed and assigned to isomer-specific conformation 
states. These observations provide direct evidence that proline 
cis/trans equilibria are coupled with the overall molecular 
conformation in peptide IV-H 1. Multiple populations indicate 
that the chemical environment of residues sequentially well 
removed from any given proline residue is sensitive to that 
proline residue’s isomer state and therefore to that proline’s 
conformation. Peptide IV-H 1 being a short linear peptide, 
therefore, must exist in solution in some defineable confor- 
mation(s), and all three proline residues must play a significant 
role in that definition. A network of NMR/NOE structural 
constraints indicating the presence of multiple turns has been 
found for peptide IV-H 1. Significant populations of @-turns 
are centered at K3-G4, K6-G7, P9-Gl0, and P12-G13. 
Lastly, a C-terminal y-turn is centered at the P15 residue. 
Consistent with these NMR-derived structural domains are 
CD results that, at the very least, suggest the presence of 
significant populations of @-turn conformation. 

The two N-terminal @-turns are both centered at KG res- 
idues, Le., K3-G4 and K6437. The @-turn sequence V2- 
K3434-D5, in particular, exhibits structural features similar 
to the GRGD sequence in a fibronectin-derived synthetic 
hexapeptide, GRGDSP (Reed et al., 1989). In that study, two 
“nested” @-turns were proposed. These turns fit best the type 
I11 or type I class. Type I and I11 turns differ only by I),@ 
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FIGURE 15: Cell adhesion activity of sequences of overlapping IV-H1 
peptides. A series of overlapping peptides were synthesized in order 
to study structure-function relationships in peptide IV-H 1. These 
sequences are given at the bottom of the figure. For cell adhesion 
activity data, substrata were coated with overlapping peptides from 
the IV-HI sequence as designated in the figure. Data are presented 
as percent relative cell adhesion to that observed on IV-HI and 
represent the mean of triplicate determinations. 

angles of -30’ in the i+2 position (Venkatachalam, 1968). 
For the peptide IV-HI V2-D5 @-turn, evidence has been given 
for @-turn type I and type I1 populations that may be in 
equilibrium (Stradley et al., 1990). In the hexapeptide, a 
@-turn is centered at the RG dipeptide, while in peptide IV-HI 
the turn is centered at KG residues. In either instance, an 
aspartic acid residue is at position 4. Peptide IV-H1 from 
collagen type IV and this hexapeptide from fibronectin also 
have similar functions in cell adhesion. Both IV-H1 (Chelberg 
et al., 1990) and RGD (R’uoslahti & Pierschbacher, 1987) 
peptide sequences bind receptors of the integrin superfamily 
and promote cell adhesion via this molecular interaction. At 
present it is evident that the RGD peptide does not inhibit cell 
attachment to peptide IV-H 1 coated substrata, suggesting that 
different receptors are active in each case (Chelberg et al., 
1990). In the case of RGD-containing proteins/peptides (e.g., 
laminin, fibronectin, fibrinogen, collagen, vitronectin, and von 
Willebrand factor), cell adhesion specificity is indicated by 
a number of receptors, integrins (Hynes, 1987), each of which 
is capable of recognizing only a single RGD-containing protein 
ligand or a limited number of such ligands. 

Collagen IV peptide IV-HI is the case of a metastatic cell 
adhesion promoting sequence that does not contain RGD and 
yet, as we have seen, does contain a KGD sequence with @-turn 
type I/III structural elements similar to those found in fi- 
brinonectin-derived RGD-containing hexapeptide (Reed et al., 
1988). Furthermore, although we have seen in this present 
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Of further note is the fact that the PGWPGAP part of the 
sequence is entirely conserved in human and mouse species 
(Braze1 et al., 1987; Babel & Glanville, 1984; Killen et al., 
1988). In particular, tryptophan is rarely found in collagen, 
and yet it is conserved in at least these two species. This does 
not imply which residues in this segment are necessary for 
activity; perhaps all are-some for structure and some for 
direct receptor interaction. Structurally, this triproline-con- 
taining segment gives two well-defined @-turns centered at FG 
residues. Moreover, this conserved tryptophan residue may 
be “stacked” onto the W11-AI4 @-turn plane as well as being 
positioned under (respectively) the N8-WI 1 8-tum plane. In 
effect, W11 is somewhat sandwiched between both turns, 
perhaps giving additional stabilization to the structure. This 
type of structure would further constrain the tryptophan’s 
already normally dampened internal motions and explain why 
stereospecific W 1 1 @H assignments could be made. 

The fact that antipeptide IV-HI antibodies cross-react with 
parent type IV collagen (Chelberg et al., 1990) strongly 
suggests that the peptide IV-H1 sequence is positioned at a 
surface domain in the parent molecule. This is relevant for 
two reasons: (1) interaction of peptide IV-HI sequence with 
its receptor as discussed above, and (2) hydroxylation of proline 
residue(s) by proline hydroxylase known to occur in collagens 
in conjunction with triple helix stabilization and glycosylation. 
Brahmachari and Ananthanarayanan (1 978, 1979) proposed 
that proline hydroxylase selectively hydroxylates prolyl residues 
in position 2 of 8-turn-containing XI-PG-X2 sequences. 
Moreover, the identity of the preceeding and the residue 
following the PG site are considered important in the regu- 
lation of hydroxylation. In support of this, Bhatnager et al. 
(1978) found that two model sequences, (VPGVG), and 
(APGG), (Rapaka et al., 1978), could inhibit collagen hy- 
droxylation by proline hydroxylase. Furthermore, hydroxy- 
proline formation in collagen leads to enhanced stability of 
the collagen triple helix (Rosenbloom et al., 1973; Berg & 
Prockop, 1973) due to hydrogen bonding between the hy- 
droxyproline’s hydroxyl group and the peptide backbone 
(Ramachandran et al., 1973). Regarding peptide IV-H1, the 
P12 position in native type IV collagen has been found to be 
hydroxylated (Killen et al., 1988) and P12, at least in peptide 
IV-H1, does exist in position 2 of a @-turn. 

The biopolymer (GPP), has been used as a model system 
for triple-helical collagen structure since its X-ray diffraction 
pattern shows the main features of that of collagen, with closely 
similar helical parameters (Traub et al., 1967). (GPP), does 
not exist in a strict @-turn conformation (Yonath & Traub, 
1969). However, on one hand, (GPP), is not a collagen type 
sequence repeat unit like (GP-XI), or (GX,X,),; on the other 
hand, the short hexadecapeptide IV-HI is not typical of the 
large collagen molecular triple helix. A general comparison 
of the X-ray derived structure of (GPP), and peptide IV-HI 
indicates that positions 1, 2, and 3 of our W11-A14 @-turn 
are similar to the GP  structure in (GPP), but that the fourth 
residue in this P-turn confers most of the structural disparity. 
Therefore, some of the structural features in both systems are 
similar. Perhaps triple-helix formation with peptide IV-H1 
modifies the +,a angles at positions 3 and 4 of these @-turns 
to induce more similar structures, or maybe this multiple 
@-turn repeat structure in peptide IV-H1 makes it unique for 
cell receptor recognition in a structural pattern that is closer 
to the (PPG), structure. 

This multiple &turn structural motif found to exist 
throughout the peptide IV-H1 sequence may persist through 
a larger sequence segment of the collagen type IV triple-helix 

study that the KGD part of the peptide is not sufficient for 
activity, its presence is necessary for the full complement of 
activity. One explanation why this is so and why similar 
RGD-containing peptide sequences interact specifically with 
different integrins is that this sequence serves as a shared 
binding site, with the specificity being generated by a second 
unique binding site. This idea is consistent with our sequence 
“walk-through” peptide IV-HI cell adhesion data where the 
C-terminal segment containing the three proline residues must 
be present for any significant activity to be observed. Al- 
ternatively, the specificity could reside in the conformation 
of the RGD/KGD tripeptide, and the role of the surrounding 
sequences would be to force the tripeptide determinant into 
an appropriate conformation. This idea would be in agreement 
with the fact that the RGD sequence can take very different 
conformations is different proteins to fine tune activity 
(Ruoslahti & Pieraschbacher, 1987). This @-turn sequence 
with a cationic group in position 2, a glycine in position 3, and 
an anionic group in position 4, therefore, may be generally 
significant to cell adhesion activity. 

Preferred solution structures of small proline-containing 
pentapeptides have been found by NMR and CD analyses 
(Dyson et al., 1988a). Data indicate that significant &turn 
populations are present when a PG sequence occupies turn 
positions 2 and 3, respectively. For two of the @-turns identified 
in peptide IV-HI, PG residues are located in these turn pos- 
itions, i.e., P9-Gl0, and P12-Gl3. In the small model pep- 
tides, however, differentiation among turn types, Le., type I 
or 11, could not be made with any certainty. Venkatachalam 
(1 968) has indicated that the PG sequence at turn positions 
2 and 3 favors a type I1 turn. While the peptide IV-HI 
P124313 @-turn does show type I1 characteristics, a significant 
type I @-turn population is indicated in the N8-W11 sequence 
by the presence of d6N(i,i+l) and/or dTN(i,i+l) NOES between 
proline and glycine residues. A recent structure analysis of 
proline-containing cyclic pentapeptides as models for reverse 
turns (Stradley et al., 1990) showed that type I and I1 turns 
are in dynamic equilibrium, fast on the NMR time scale, and 
that type I turns, with proline in position 2, are present at 
greater than 50% of the trans-proline population. This is 
consistent with our observation for peptide IV-H1 sequence 
N8-W 11, where a significant population of turn type I has 
been proposed. 

What is also interesting in conjunction with the NMR-de- 
rived solution conformation of peptide IV-HI is the fact that 
the C-terminal domain from about N8 to Y 16 gives relatively 
larger magnitude NOEs; the largest number of “long-range” 
NOEs, and most of the longest lived backbone amide protons 
with reduced temperature coefficients, suggesting not only that 
this domain is better structurally defined but also that it is 
less flexible than the N-terminal domain. This is at least 
probably partly the result of restricted backbone motion im- 
posed by the structurally constraining proline imino acid 
residues, P9, P12, and P15. Of structure-function interest here 
is the correlation of this proline-containing sequence with 
observed cell adhesion activity. Cell adhesion activity studies 
using a series of overlapping peptides that “walk through” the 
sequence of peptide IV-H1 have indicated that only peptides 
containing the nonet GNPGWPGAP showed any significant 
cell adhesion activity, suggesting that residues and/or struc- 
tures within the GNPGWPGAP sequence are absolutely 
necessary for maintaining maximal activity. It may be that 
a better defined, less flexible structure has the effect of being 
a more active receptor ligand, thereby imparting greater bi- 
ological activity. 
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domain For peptide IV-H1, @-turns were found to be centered 
at PG and KG residues, with glycine always in position 3 of 
the turn. If we view a larger segment of the sequence, for 
example; 

n n n n  
GIDGVKGDKGNPGWPGAPGVPGPKGDP 

where we have extended the IV-H1 sequence by adding several 
GXIXl repeats on either end of the peptide, the observation 
can be made that PG and KG units generally repeat at equal 
intervals. Assuming the same structural motif, brakets above 
and below this sequence indicate positions of proposed &turns 
continuing out from the IV-H1 parent sequence, Only the 
initial N-terminal turn has DG instead of PG or KG at its 
center position 2 and 3. DG, however, is also found in this 
type of turn structure. It may be that type IV collagen con- 
tains this turn repeat unit often throughout its structure. We 
are currently investigating this longer peptide to see if this is 
indeed the case. 

Lastly, although a preferred solution conformation for 
peptide IV-HI has been derived from these NMR data, it may 
or may not be the biologically active structure. For instance, 
while the C-terminal y-turn is structurally interesting, it is 
probably not biologically significant since the GXlX2 repeat 
is prematurely disrupted and tyrosine does not naturally occur 
at this position. On the other hand, since antipeptide IV-HI 
antibodies cross-react with parent type IV collagen and cell 
receptors (Chelberg et al., 1990), this would suggest that the 
derived solution conformation is close to the active one. 
Moreover, proline and glycine resiudes are most often found 
in turn-type structures, and PG sequences generally exist in 
&turn positions 2 and 3. This is consistent with what has been 
observed in peptide IV-H 1. Furthermore, since peptide IV-H 1 
possesses such a well-defined solution conformation, it seems 
likely that this structure is at least generally preserved when 
interacting with its receptor. This remains to be seen, however. 
In the case of an enzymeligand or receptor-binding complex, 
the "bound" state can be investigated by performing NOESY 
experiments on the peptide in question in the presence of its 
receptor (Ni & Scheraga, 1989b,c). These studies are now 
underway in conjunction with computer modeling studies. 

Registry No. Peptide IV-HI, 129015-02-7: peptide AAA, 
134938-83-3; peptide SPP, 134938-84-4; peptide PSP, 134938-85-5; 
peptide PPS, 134938-86-6; GPPGLPGIDGVKGDK, 134938-87-7; 

u u u u  

GLPGIDGVKGDKGNP, 134938-88-8; GIDGVKGDKGNPGWP, 
134938-89-9; GDKGNPGWPGAPGVP,  134938-90-2; 
GNPGWPGAPGVPGPK, 134938-91-3; GWPGAPGVPGPKGDP, 
134938-92-4; GVKGDKGNPGWPGAP, 1 19953-07-0. 
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