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Vibrational Circular Dichroism of Polypeptides. 11. 
Conformation of Poly@-Z-lysine-L-Z-lysine-L-1-pyrenylalanine) 
and Poly(L-Z-lysine-L-Z-lysine-L-1-naphthylalanine) in Solution 
S. C. Yasui and T. A. Keiderling* 
Department of Chemistry, University of Illinois a t  Chicago, Chicago, Illinois 60680 
Masahiko Sisido 
Research Center for Medical Polymers and Biomaterials, Kyoto University, Kyoto 606, 
Japan.  Received February 25, 1987 

ABSTRACT: The vibrational circular dichroism of the title compounds in DMSO has been measured in the 
amide A, I, and I1 regions. The data are shown in both cases to be consistent with a right-handed a-helical 
structure being the dominant conformation. VCD avoids the interference from transitions on the aromatic 
substituent that makes such determinations very difficult to realize with electronic CD data alone. The memured 
AA/A values in the VCD are somewhat lower than have been seen for other known right-handed a-helices 
which may be attributable in part to  solvent effects. 

Introduction 
Recent ly  it has become possible to use vibrational cir- 

cular dichroism (VCD) as an additional spectroscopic 
probe of polypeptide secondary structure.’ In particular, 
a clear pattern has been derived for the VCD of the 
right-handed a-helix2 which has been shown to be distin- 

0024-9297/87/2220-2403$01.50/0 

guishable from that of the random coil (with or without  
local order)  and the antiparallel Additionally, 
Yasui et al. have shown the 310-helix to have a VCD 
spectrum distinguishable f rom that of the cu-heli~.~ T h i s  
latter result implies a greater specificity in  VCD for slightly 
differing conformations than is available with the more 
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commonly utilized electronic CD. 
This specificity also extends to vibrational modes. Due 

to the increased resolution naturally occurring in the vi- 
brational region of the spectrum, as compared to the UV 
region, it is possible to study the amide vibrations without 
significant interference from those of the a-carbon sub- 
stituents. When these substituent groups are aromatic in 
nature, this capability allows determination of secondary 
structure in situations where interpretation of electronic 
CD is quite difficult at best. Yasui and Keiderling have 
recently reported such a study of poly(L-tyrosine) in 
DMSO and related mixed solvent systems which resulted 
in a clear determination of the character and handedness 
of the secondary structure transformations accompanying 
solvent m~dif icat ion.~ 

Sisido and co-workers have synthesized a series of aro- 
matically substituted polypeptides in an effort to obtain 
model systems for one-dimensional molecular electronic 
conductors.'j In order to determine the conformation of 
several of these polypeptides, extensive conformational 
energy minimizations and theoretical (exciton model) 
analyses of the CD, CPL, or fluorescence detected CD were 
required due to the spectral overlap of the aromatic T-T* 
transitions with those of the amide g r o ~ p . ~ , ~  

In this paper, using the title compounds, poly([L-Z- 
Ly~]~-~-l-pyrAla)  (I) and poly( [~-Z-Lys]~-~-l-napAla] (II), 

- hH CH C O F N H  CH Cot- 
Ct- CH,)" A h H  CH COTNH CH C o t  

C i i  ~ y 2  NH />./ -: 
1.7 4h53 co 
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where pyrAla = pyrenylalanine, nap& = naphthylalanine, 
and Z = benzyloxycarbonyl, we show that the conformation 
of the polypeptide chain for such a system can be derived 
in a much quicker, more straightforward, and more con- 
clusive manner by using VCD. In addition, we demon- 
strate for the first time that solution-phase VCD can be 
obtained on submilligram quantities of a suitable chiral 
sample. 

Experimental Section 
The preparation of poly( [~-ZLys]~-~-l-napAla) was previously 

discussed.* Higher molecular weight fractions than the elution 
limit of Sephadex LH-20 gel (- IO4) were collected and used in 
this study. Poly( [~-Z-Lys],-~-l-pyrAla) was prepared by a similar 
procedure, using L-1-pyrenylalanineFb The details of this synthesis 
are reported el~ewhere.~ 

VCD and absorption spectra were measured on the UIC dis- 
persive instrument that has been previously discussed in detail0 
Samples were dissolved in DMSO or DMSO-d, and studied in 
a fixed path CaFz cell. No racemic samples of these compounds 
were available for determination of the VCD base line, so sample 
spectra were corrected with identical scans of either just the 
DMSO solvent or DMSO-d6 solutions of poly(D1-tryptophane) 
(m-Trp). The solvent base line was relatively flat but somewhat 
shifted from that of the sample at the modest sensitivity levels 
required for this spectrum. The DL-Trp base line was virtually 
identical with that of the solvent but was unshifted from the 
sample spectrum. Hence, we expect that the dispersive spectra 
we have measured are, at the very least, qualitatively accurate 
and provide a good representation of the VCD. As a further check 
of these results, the amide I and I1 VCD of the poly([Z- 
Ly~]~napAla) sample were rerun as above in TMP and additionally 
on a new FTIR-VCD instrument that we have constructed and 
described elsewhere.'l 

Results 
The absorption and VCD spectra of poly[(Z- 

Lys],pyrAla) in DMSO over the amide I and I1 regions 

2 t 
I 1 

e .  2 1 
A 

Frequency  ( c m - ' )  

Figure 1. Absorption and VCD spectra in the amide I and I1 
bands of poly( [Z-~-Lys]~-?l-pyrAla) in DMSO solution against 
solvent as a base line. Time constant, 3 s; four scans averaged; 
concentration, -0.5 mg in 0.1 mL. Final plot was smoothed over 
a 4-cm-' interval, and the base line was adjusted by AA = -0.5 
x 10-6. 
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Figure 2. Absorption and VCD spectra in the amide I and I1 
bands of poly( [Z-~-Lys]~-~-l-napAla) in DMSO-d6 solution against 
poly(DL-Trp) in DMSO-d6 as a base line. Time constant, 10 s; 
four scans averaged. 

(1750-1500 cm-l) are presented in Figure 1. A clear 
positive couplet (Le., negative to high energy, positive to 
low) is found at  -1655 cm-' correlated to the amide I 
band. Also quite noisy, negative monosignate VCD is seen, 
a t  -1520 cm-l, lower in energy than the amide I1 ab- 
sorption maximum. This spectrum was detectable using 
-500 pg of sample dissolved in -0.1 mL of solvent with 
the entire sample in the light beam using our sealed cell. 
The exact concentration with this small amount of sample 
was not possible for us to determine, but the measured 
AA/A values and the general sign and band-shape patterns 
of the VCD provide sufficient data to distinguish among 
the various common polypeptide secondary structures. 
The lack of a racemic compound for base-line determi- 
nation may account for the "floating" nature of the VCD 
that was initially obtained. In Figure 1 we have adjusted 
the base line by AA = -0.5 X lo4 to account for the ex- 
perimental mismatch of sample and base-line VCD. In- 
sufficient sample was available for determination of amide 
A VCD or for study of this VCD in a different solvent. 

Similar data for the poly([Z-LysI2napAla) compound are 
shown in Figure 2. Here, more sample (-2 mg) was 
available, and DMSO-d6 was used as a solvent, both factors 
of which help to improve the resultant signal-to-noise ratio 
(SIN) .  The amide I and I1 absorption and VCD spectra 
are qualitatively the same as that in Figure 1. The ure- 
thane C=O stretch of the Z group appears to have sig- 
nificant VCD in the latter (nap) compound, while it is 
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intensity than that of the amide I also is consistent with 
the previous results for right-handed a-helical structures. 
By way of contrast, the 310-helical VCD that we have re- 
ported4 had a positive couplet VCD for the amide I that 
was weaker (in terms of peak-to-peak AA) than the neg- 
ative VCD of the amide 11. 

The amide A results for poly([Z-LysI2napAla) are also 
consistent with those expected for a right-handed a-helix. 
In the previous studies of a-helical VCD, this band was 
shown to be strongly positively biased and to have three 
distinct components of which the highest energy one was 
d ~ m i n a n t . ~ , ~  The shape and position of the amide A ab- 
sorption and VCD indicate little, if any, interaction with 
the lower energy aromatic CH stretches. 

In terms of conformational delineation, these results in 
conjunction with our previous experience indicate that the 
dominant conformation of both poly([ Z-LysIzpyrAla) and 
poly([Z-LysI2napAla) is a right-handed a-helix. I t  is in- 
teresting to note that the most likely conformation of 
polylL-1-pyrAla) has been proposed to be a left-handed 
helix.' It is very clear from our data that such is not the 
case in the copolymer of pyrAla with (Z-LYS)~. On the 
other hand, initial analyses of the CD of poly(L-1-napAla) 
favored a right-handed &helical conformation,6 but sub- 
sequent extended analysis altered that hypothesis to favor 
the right-handed a-helix for all of the poly([Z-Lys],na- 
pAla), m = 0-4, variants? Our data for the m = 2 species 
confirm the final conclusion in a t  least that case. 

However, the magnitude of the VCD in the amide I band 
for these polymers, particularly in the pyrAla case, is 
somewhat lower than is typically seen with a-helical po- 
lypeptides in CDC1, solution (see Table I). This is con- 
-;-tent with the variation in AAIA values seen for poly- 

tyrosine) in various DMSO containing mixed solvents5 
alld for poly(L-lysine) in CD30D.D20 ~ o l u t i o n . ~  Some 
variations in band shape were also noted in these latter 
cases (Tyr and Lys) as compared to the CHC13 results. 
However, the two polymers studied here do have the same 
amide I band shape as did the CHCl,-soluble poly- 
peptides.2 In the presence of strong hydrogen bonding 
solvents (helix breakers), the VCD of the amide I typically 
seems to be weaker than in less polar solvents such as 
CHC1,. In our studies, the absorption bands in hydrogen 
bonding solvents also had a different shape5 from those 
in low polarity solvents, which could indicate a difference 
in the splitting of the amide I components or a coupling 
to other vibrational modes. 

On the other hand, the amide I1 VCD in the pyrAla case 
has a M I A  (comparing the 1550-cm-l absorbance to the 
1520-cm-l VCD) that is comparable to the values seen for 
other polypeptides in other solvents. But clearly the un- 
certainty due to low SIN is a problem for this band. In 
the napAla case, the amide I1 VCD is again substantially 
weaker than we have reported for other a -he l i~es ,~J  and 
the AAIA value for the amide A band is equivalent to that 
reported for other a-helices (Table I). 

We feel that this apparent difference in amide I mag- 
nitudes with solvent change may be more a measure of 
band width than of structural integrity of the helix. As 
the amide I is broadened, due t o  its bisignate nature, the 
VCD will necessarily fall off. This is simply the effect of 
having overlapping, oppositely signed bands. This band 
is after all composed of a large number of components 
whose splitting and relative intensity will depend on small 
deviations from the ideal a-helical conformation. Since 
the AAIA values seen here, -1.5 X pyrAla and 1.8 
X lo4 for napAla, are within the range seen (1.5-2.1 X lo4) 
for poly-L-tyrosine in various solvents, one can reasonably 

Table I 
Summary of AA /A Values 

AA/Ab (X104) 
polypeptide/solvent" amide I amide A ref 

poly([Z-~-Lys]~-~-l-pyrAla) / 1.5 this work 
DMSO 

poly( [ Z-~-Lys]~-~-l-napAla) / 1.8 0.72 this work 

poly( [ Z-L-LYS] z - ~ -  1-napAla) /TMP 1.5 this work 
DMSO-d8 

poly(L-tyrosine)/DMSO.DCA 2.1 5 
(80:20 by vol) 

(5050 by vol) 
poly(L-tyrosine)/DMSO.TMP 1.5 0.78 5 

poly(y-benzyl L-glutamate)/CHCl, 2.6 1.0 2 

DMSO = dimethyl sulfoxide; DCA = dichloroacetic acid; TMP 
= trimethyl phosphate. * Peak-to-peak VCD amplitude divided by 
peak absorbance amplitude. 

2, t 
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Figure 3. Absorpotion and VCD spectra of poly( [Z-L-LYS] 
1.napAla) in DMSO-d6 solution in the amide A and ( 
stretching region. Time constant, 3 s; otherwise as in Figure L. 

hardly distinguishable from the base line in the former 
(pyr), presumably due to the reduced SIN. The FTIR- 
VCD result is qualitatively the same but was obtained at 
higher resolution with somewhat lower SIN. The TMP 
results were virtually the same and differed only slightly, 
quantitatively, as summarized in Table I. 

As illustrated in Figure 3, it was also possible to measure 
VCD in the amide A (NH stretch) and CH stretching 
regions of the spectrum for p~ly([Z-Lys]~napAla) due to 
the increased sample size. As expected, we see a net 
positive VCD correlated to the large amide A absorption 
band centered at -3290 cm-l. This band has weak neg- 
ative and then positive features to lower energy. The 
largest CH stretching VCD occurs near 2970 cm-l and is 
uncorrelated to an absorption maximum. This frequency 
position implies an origin in an aliphatic CH, stretch but 
with possibly some contribution from the C*-H stretch a t  
the a-position. These latter modes, however, are often 
found at a lower frequency.12 By comparison, the aromatic 
CH's appear to give only small VCD signals. 
Discussion 

In the amide I region, a single band centered at 1655 
cm-l is seen in the absorption spectra of both compounds 
which correlates well to the positive couplet seen in VCD. 
The shape and sign of these bands directly reflect that 
expected for a right-handed a - h e l i ~ . ~ ~ ~  The amide I1 band 
peaks a t  -1545 cm-' in absorbance but correlates to a 
broad negative band in VCD whose maximum occurs a t  
-1515 cm-l in both polymers. This amide I1 VCD sign 
and frequency shift from absorption again reflect the 
right-handed a-helical results we have reported e a ~ l i e r . ~ ~ ? ~  
The fact that the amide I1 VCD is somewhat weaker in 
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assume that  the poly( [Z-Ly~I~pyrAla) and poly( [Z- 
Lys],napAla) helices are a t  least as uniform as those of 
poly(L-tyrosine) in the conditions ~ t u d i e d . ~  The details 
of solvent vs. structural integrity effects on VCD have yet 
to be worked out; thus it is possible that a new interpre- 
tation of these magnitude variations may emerge with 
increased experience. However, a t  this time, there is no 
reason to attempt to conclude that the somewhat reduced 
relative strength of the amide I VCD for these hetero- 
aromatic polypeptides has a reliable conformational in- 
terpretation. 

Finally we should note that only quite low VCD is found 
corresponding to the aromatic CH stretches. This is in 
spite of the fact that the electronic CD indicated a regular, 
helical arrangement of the aromatic groups, especially in 
poly( [Z-Ly~]~napAla).~ We feel that due to the planarity 
of these side groups, the dominant mechanism through 
which these bands can gain VCD intensity is that of dipolar 
~oupling.'~ The strength of such coupling will depend on 
the dipolar strength of the modes involved (proportional 
to their infrared absorbance intensity) and spatial sepa- 
ration, upon which the VCD should vary roughly as the 
inverse square. This separation has been estimated to be 
6.7 A for the center-to-center distance between neareatrpair 
naphthyl groups in poly([Z-Lys],napAla).* Both factors 
work against there being significant VCD due to the nap 
or pyr CH stretch modes. Alternatively, the absence of 
aromatic CH stretch VCD may be due to the overlap of 
several vibrational modes having different CD's and re- 
sulting in a net cancellation. In fact, the broad, nondes- 
cript VCD seen in this region (3000-3100 cm-'), if real, may 
come from the Z group amine blockers on the Lys. This 
conclusion follows from the significant VCD found a t  1720 
cm-' which is attributable to the urethane CO stretch on 
the Z group. 

On the other hand, the aliphatic CH's give rise to sub- 
stantial VCD. This could be due to their more substantial 
local asymmetry, especially for modes having a major 
contribution from hydrogens on the a- and @carbons. This 
may be an indication of restricted conformational flexi- 
bility of these aliphatic chains when bound to an a-helix. 
Earlier studies have shown that CH2 stretches can couple 
to yield significant VCD when conformationally restricted, 
such as in a six-membered ring.14 This kind of coupling 
would explain the underlying bisignate nature of the 
2935-2970-cm-' VCD and its nonalignment with the 
2945-cm-' absorption band. 
Conclusion 

In summary, we have used VCD to determine the sec- 
ondary structure of two heteropolypeptides with aromatic 

Macromolecules, Vol. 20, No. 10, 1987 

substitution. Both p~ly([Z-Lys]~napAla) and poly([Z- 
LysIzpyrAla) are right-handed a-helical in DMSO solution. 
Furthermore we have demonstrated that acceptable VCD 
can be measured under favorable circumstances on sub- 
milligram quantities. These results provide an alternative 
method of determining polypeptide secondary structures 
when interference by side-group electronic transitions 
compromise more established methods. 
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