
1/202(,) + 2YBa2Cu30i(,) 

= Yz03(s) + 2Ba2Cu306(s) (2) 

The enthalpy of this decomposition reac- 
tion is -130 + 24 kJ/mol. As in the 
decomposition of YBa2Cu408, the decom- 
position reaction of YBa2Cu,O7, with re- 
spect to Ba2Cu3o6 and Y20,,  involves the 
transfer of a half mole of gascous oxygen to 
the lattice, with an entropic -TAS,, con- 
tribution of approximately +30 kJ/mol. We 
compared the free energies of decomposi- 
tion of both YBa2Cu4O8 and Y B ~ , C L I ~ O ~ - ~  
with respect to Ba2Cu306; our comparison 
reafims that YBa,Cu408 is more stable at 
low temperatures than YBa2Cu30i-,. 

As expected, the phase relations in this 
system appear to be controlled by the 
oxidation thermodynamics of the copper 
ion; as the temperature of the system is 
reduced, higher formal valence states for 
copper are stabilized in electropositive lat- 
tice environments (8, 20). For the perov- 
skite-related cuprates, the oxidation of 
copper from a formal valence of 2+ to 3+ 
is exothermic, releasing -200 kJ per mole 
of 0, (12, 2 1, 22); this favorable contri- 
bution to the partial molar AG,, is, of 
course, balanced by the decrease in entro- 
py of the system from the transformation 
of oxygen from the gaseous state to the 
solid state. 

In this Y-Ba-Cu-0 system, the highest 
formal valence occurs in the binary com- 
pound Ba2Cu,06; the average copper valence 
in this compound is +2.66 compared to 
+2.33 in YBa2Cu30i. A complete under- 
standing of why Ba2Cu306 exhibits such high 
stability at low temperatures, and thus why 
the superconductors are metastable, will re- 
quire knowledge of the Ba2Cu,06 structure (it 
has not been completely refined). Previous 
electron and x-ray dfiaction studies (1 7, 18) 
suggest that the structure is closely related to 
that of the trivalent cuprate, NaCuO,. This 
structure, in which infinite one-dimensional 
chains of edge-shared cuprate groups are 
linked by the larger electropositive cations, is 
adopted by several highly oxidized cuprates. 
For example, closely related ACuO, phases 
can be stabilized at low temperatures for A = 
K (23), Cs (24 ) ,  and Rb (25). The same 
arrangement of cuprate chains is also found in 
the low-temperature form of calcium cuprate, 
Ca,-,CuO, (x  = 0.8 to 0.85) (26) and in 
several ternary calcium-rare earth (RE) com- 
pounds, such as (Ca2-xRE2+,)Cu50,0 (RE = 
Y, Gd, Nd) (27). The reduced occupancy of 
the larger interchain cation sites in these 
cation-deficient compounds is accommodated 
by a modulation of the positions of the larger 
cations. It is these modulations, which can be 
commensurate or incommensurate, that have 
complicated the refinements of these com- 
pounds. However, the published models for 
Ba2Cu306, or B+,6iCu02, indicate that this 
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Electrostatic Screening of Charge and Dipole 
Interactions with the Helix Backbone 

David J. Lockhart and Peter S. Kim 
Electrostatic interactions in proteins are potentially quite strong, but these interactions are 
mitigated by the screening effects of water, ions, and nearby protein atoms. The early work 
of Kirkwood and Westheimer on small organic molecules showed that the extent of the 
screening may depend on whether charged or dipolar groups are involved. The dielectric 
and ionic screening of the interactions between the dipolar backbone amide groups of 
monomeric a helices and either (i) solvent-exposed charges or (ii) solvent-exposed dipoles 
at the amino terminus was measured. The dielectric screening effects are an order of 
magnitude greater for the backbone-charge interactions than for the backbone-dipole 
interactions, and the ionic strength dependence is substantially different in the two cases. 
These results suggest that interactions that involve the dipolar groups of proteins may be 
relatively more 'important for stability and function than is generally thought. 

T h e  screening of electrostatic interactions 
results primarily from electronic polariza- 
tion, reorientation of dipolar groups, and 
changes in the concentrations of charged 
species in the vicinity of charges and dipoles. 
These effects are well understood and can be 
accurately determined for interactions in 
isotropic, homogeneous media. However, in 
complex inhomogeneous environments such 

as those near the surface of proteins, dielEc- 
tric and ionic screening is difficult to predict. 
In these cases, factors such as the shape and 
composition of the surface and whether the 
interactions involve charged or dipolar 
groups are expected to be especially impor- 
tant. Structurally well defined peptides pro- 
vide good model systems in which to study 
screening effects on electrostatic interactions 
at protein surfaces. 

Howard Hughes Medical Institute, Whitehead lnstitute 
for Biomedical Research, Department of Biology, Mas- 

We have measured previously the inter- 

sachusetts lnstitute of Technology, 9 Cambridge Cen- action between the 
ter, Cambridge, MA 02142. monomeric a helices and a solvent-exposed 
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dipolar group through an internal Stark ef- 
fect measurement of the electric field at the 
NH2-terminus (1, 2). The magnitude of the 
electric field is proportional to the strength 
of the backbone-dipole interaction. Here, 
we determined the strength of the electro- 
static interaction between NH2-terminal 
charges and the same set of helices, from the 
shift in the pK, (K,, acid dissociation con- 
stant) of titratable groups in the presence of 
helical structure. The pKa shift is linked 
thermodynamically to the effect of the 
charge on the free energy of helix formation 

A MABA TPA SUC 

c Wavelength (nm) 

Fig. 1. NH2-terminal titratable groups (NTGs) 
and CD data for peptides with titratable groups 
attached. (A) Structures of the neutral forms of 
the NTGs, including the amide link to the NH2- 
terminus of the peptide. The carbonyl oxygen of 
this amide bond can act as a hydrogen-bond 
acceptor for the amide proton of residue 4, 
stabilizing the end of the helix and, for MABA 
and TPA, defining the position of the charge 
relative to the backbone. (B) CD spectra of 
peptides F, and Us with neutral MABA at- 
tached (pH 7, 0°C). The CD spectra of these 
peptides with the other NTGs attached and the 
spectra of the other F and U peptides with the 
various NTGs attached are similar. (C) Peptide 
structure for both the 21- and 41-residue heli- 
ces is largely unaffected by titration of the SUC 
group. The pH dependence of [O],,, (0°C) for 
peptides F, and F, with SUC attached is 
shown. The magnitude of [9],,, for FL is expect- 
ed to be greater than for F, because of the 
dependence of the CD signal on helix length 
(30). However, the absolute values of [9],,, are 
accurate only to approximately ?lo% because 
of uncertainty in the concentration determina- 
tion by quantitative amino acid analysis. 

and, in the absence of side chain interac- 
tions and structural relaxation, is propor- 
tional to the backbone-charge interaction 
energy. In order to study ionic screening 
effects, we made the two types of measure- 
ments at several ionic strengths. 

Three different NH2-terminal titratable 
groups (NTGs) were used: 4-methylami- 
nobenzoyl (MABA) , 4-carboxybenzoyl 
[terephthalate (TPA)], and succinylic acid 
(SUC) moieties. The NTGs are attached 
covalently to the NH2-terminus through an 
amide linkage (Fig. 1A). The carbonyl ox- 
ygen of the amide bond between the NTGs 
and the peptide can hydrogen-bond to the 
amide proton of residue 4. For MABA and 
TPA, this hydrogen bond defines the posi- 
tion of the group, except for a ring flip that 
does not change the location of the charge. 
The charge on the SUC group can be closer 
to the helix backbone, but the position is 
not defined exactly because of rotational 
freedom about the C-C single bonds. 

. The peptides used were (3) 

where A is Ala, R is Arg, and P is Pro; F 
and U indicate peptides designed to be 
folded or unfolded, respectively; subscripts 
S and L denote short peptides and their 
longer versions, respectively; and R5 de- 
notes the presence of an Arg residue at 
po>ition 5. There are no residues in these 
peptides that titrate between pH 1 and 8. 

Table 1. Observed pKa shifts, free-energy 
changes, and melting temperatures (T,) for the 
helical peptides with different NH2-terminal 
groups. The peptide melting temperature was 
measured by the CD signal at 222 nm at a pH 
where the NTG is uncharged (4). Values for 
ApK,, the change in pKa of the NTG in the 
presence of helical structure, are relative to the 
appropriate unfolded control (7-9). The change 
in the free energy of helix formation (AAG; kcall 
mol) is the value for the charged form of the NTG 
minus the value for the neutral form. A negative 
value for AAG indicates that the helix is stabi- 
lized by the charge on the titratable group. 

Pep- 
tide NTG Tm Charge ApKa 

("C) 

F, MABA 35 (+) -0.45 +0.57 
TPA 34 ( -  -0.28 -0.35 
SUC 39 ( -  -0.55 -0.70 

FL MABA 52 (+) -0.51 +0.64 
SUC 54 ( -  -0.52 -0.66 

FsR5 MABA 33 (+) -0.49 +0.62 
FLR5 MABA 50 (+) -0.57 +0.72 

The rationale for the design of these pep- 
tides and the measurement of their Drooer- . . 
ties have been discussed previously ( 1 ) .  

Circular dichroism (CD) measurements 
(Fig. 1B) indicate that with the NTGs 
attached, the F peptides are highly helical 
(at both low and high pH), monomeric (4), 
soluble in water (>4  mM), and quite stable 
(Table 1). Two-dimensional nuclear mag- 
netic resonance (2D-NMR) experiments on 
peptide F, with the NTGs attached (5) 
(Table 2) suggest that the NH,-termini are 
not frayed significantly. Furthermore, the 
relative strengths of the nuclear Overhauser 
effect (NOE) crosspeaks between the a pro- 
ton of Alal (H",) and the amide and p 
protons of Ala4 (HN, and HP4, respectively) 
are consistent with a-helical, not 3,,-heli- . . 

cal, structure (6). 
The unfolded Us and U, peptides also 

contain Ala at positions 1 and 2 near the 
probe but contain several prolines that dis- 
rupt helical structure (Fig. 1B). These un- 
folded control molecules allow the DroDer- . A 

ties of the attached probes to be measured 
in the absence of helical structure but under 
otherwise identical conditions. The control 
molecules permit pK, shifts to be deter- 
mined without the need to make correc- 
tions for the effects of chemical denaturants 
or temperature or to assume a generic, 
unperturbed pKa value in the unfolded 
state. 

Table 2. Volume integrals for NH2-terminal 
NOESY crosspeaks in peptide Fs with MABA or 
TPA attached (5). We collected data at pH 
values where MABA and TPA are either neutral 
(0) or charged (+ or -) to check for structural 
changes upon titration. The 2D-NMR spectrum 
of peptide F, with neutral MABA has been 
shown previously (1). To facilitate comparison 
of NOE intensities, we normalized the volume 
integrals for each sample by using the sum of 
the intraresidue NOES listed at the bottom. All 
2D-NMR spectra were recorded and pro- 
cessed identically (5). 

MABA TPA 

pH 1.2 pH 5.6 pH 2 pH 5.7 
(+) (0) (0) (-) 

Interresidue 
HNl-HN 26 25 ' 24 -21* 
H N , - H N ~  39 41 50 - 44 
HN,-HN4 220* >19* 43 >27* 
Ha1-HN4 7 8 6 7 
Hal-HP4 59 -7 -52* -58* 
HN2-Hal 2 1 -7 18 14 
HN2-Hp, 38 39 41 42 

lntraresidue 
HNl-Ha1 51 52 48 48 
HN2-Ha2 57 52 51 49 
HNl-HP, 90 94 95 103 
HN2-HP2 101 100 107 102 

*NOE crosspeak volumes can only be estimated be- 
cause of proximity to the diagonal or a small amount of 
overlap with other crosspeaks. tOverlap with other 
crosspeaks prevents reliable integration. 
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In order for the pK, shifts to be interpret- 
able in terms of electrostatic interactions, 
structural changes upon titration must be 
minimal. Titration of SUC leads to only 
slight changes in the CD signal at 222 nm 
for helical peptides F, and F, (Fig. 1C). 
Moreover, the NH,-terminal NOE cross- 
peak intensities for peptide Fs are largely 
unchanged upon protonation or deprotona- 
tion of either MABA or TPA (Table 2). 

The pH titrations of MABA attached 
to F,, F,, and Us and the corresponding 
fits to the equation for a single ionization 
equilibrium are shown in Fig. 2A (7). The 
pK, shifts are summarized in Table 1 (8). 
The shift in the pKa of the conjugate acid 
of MABA in the presence of helical struc- 
ture is 0.45 k 0.03 pH units for peptide 
Fs. The pKa shift is only slightly larger in 
the presence of a positively charged Arg 
side chain at position 5 (peptide FsR5), 
which indicates that the shift is the result 
of interactions between the NH2-terminal 
charge and the helix backbone, not side 
chain charges. The pK, shifts for MABA 
attached to the longer, 41-residue peptides 
F, and F,R5 are larger by only 9% and 
16%, respectively, compared with the 

1 - Fs and F, 

a, 0.8 
0 .  

0.6 - e .  1 0.4 - 

Fig. 2. Measurement of pKa for (A) MABA and 
(B) SUC attached to peptides F, (O), F, (O), 
and Us (0) at PC.  The lines are fits to a single 
ionization equilibrium. In (A), the pKa value of 
the conjugate acid of MABA is shifted to a lower 
pH by 0.45 and 0.52 pH units in the presence of 
the 21 - and 41 -residue helical peptides F, and 
F,, respectively. In (B), the pKa of SUC is 
shifted by 0.55 and 0.52 pH units for peptides 
F, and F,, respectively. Titration of MABA is 
determined from the change in absorbance at 
297 nm (F peptides) or 292 nm (U peptides) 
(8). The pKa of SUC is determined from the pH 
dependence of the chemical shift of the car- 
boxyl carbon labeled specifically with I3C (9). 

shorter counterparts. 
Whereas titration of MABA introduces 

a positive charge, a negative charge is 
placed near the NH2-terminus by deproto- 
nation of either TPA or SUC. The pKa of 
TPA is shifted by 0.28 pH units for peptide 
F, in the presence of helical structure at 
P C .  For SUC, a larger shift is expected 
because the negative charge of the carbox- 
ylate can be considerably closer to the 
backbone groups in the first turn of the 
helix. The pKa shift for SUC is -0.5 pH 
units, and the data for the 21- and 41- 
residue helices are nearly superimposable 
(Fig. 2B) (9). 

The backbone-charge interaction energy 
decreases rapidly with increasing ionic 
strength (Fig. 3A). The magnitude of the 
pK, shift for MABA (attached to peptide 
Fs) decreases roughly exponentially with 
the square root of the monovalent salt 
concentration and is reduced to one-half 
the initial value in -250 mM NaCl. Sim- 
ilar ionic screening effects have been ob- 
served by others (10-12). In contrast, the 
backbone-dipole interactions are much less 
sensitive to the presence of ions (1); -3 M 
NaCl is required for a twofold reduction in 

Fig. 3. Dependence of the electrostatic interac- 
tions and peptide structure on the concentra- 
tion of NaCI. (A) NaCl dependence of the 
backbone-charge (pKa shift) and the back- 
bone-dipole [NH,-terminal electric field; (I)]  
interactions. (B) NaCl dependence of [O],,, for 
peptide F, with MABA attached at pH 1 (0) and 
pH 7 (M) (note the expanded scale). In (A), the 
pKa shift and the electric field data are normal- 
ized to an initial value of 1.0 to facilitate com- 
parison. The solid lines are intended as guides. 
The data in (B) indicate that peptide structure is 
largely unaffected by increasing NaCl concen- 
tration (up to 4 M)  at either pH. 

the magnitude of the backbone-dipole in- 
teraction (Fig. 3A). 

The change in pK, of the titratable 
groups is related to the effect of the charge 
on the free energy of helix formation, 
AAG,, by the equation [see, for example, 
(13, 14)l 

where AAG, is the difference in the free 
energy of helix formation (basic form of the 
NTG minus the acidic form). R is the eas , , LJ 

constant, T is temperature, and ApKa is the 
pKa shift in the presence of helical structure 
(helical minus unfolded) (Table 1). As ob- 
served previously, NH2-terminal negative 
charges stabilize the helices, whereas posi- 
tive charges are destabilizing (1 1, 12, 14, 
15). The absence of an increase in the pK, 
shifts with longer helices is consistent with 
our previous measurement of the electric 
field at the NH2-terminus (I) ,  simple elec- 
trostatic considerations (1 6), and the results 
of recent theoretical calculations (17). 

The net screening effects of the environ- 
ment can be estimated by comparing the 
experimental interaction energies with the 
values ex~ected from sim~le electrostatics. 
A quantity called the effective dielectric 
constant, seer is defined as the ratio of the 
backbone-charge interaction, calculated 
with Coulomb's law (18) and a dielectric 
constant of 1 (as if there is no environment), 
to the-experimentally determined values (1, 
13, 19, 20). From the MABA data, see is 
calculated to be -40, and from the TPA 
and SUC data the effective dielectric con- 
stant is calculated to be 70 and 95 (21), 
respectively (the dielectric constant of bulk 
water is 88 at O°C). The value of 40 calcu- 
lated from the MABA data is a lower limit 
because of an additional electronic contribu- 
tion to the pKa shift (22). In contrast, 
backbone-dipole interactions in the same 
helical peptides (with neutral MABA as the 
dipolar probe) are much less effectively 
screened (I) ,  with an effective dielectric 
constant at low ionic strength of -8. A 
difference in dielectric screening effects in 
aaueous solution has also been observed 
previously for organic acids with either 
charged or dipolar substituents {13, 23, 24). 

Coulomb's law predicts, giveA a uniform 
dielectric constant. that the electros~atic 
interaction of the backbone with a'charge 
near the NH,-terminus will be considerably 
stronger than the interaction with a simi- 
larly located dipolar group. However, be- 
cause backbone-dipole interactions are 
screened to a lesser extent, they can be 
comparable in magnitude to or even stron- 
ger than backbone-charge interactions, de- 
pending on the ionic strength of the solu- 
tion (25). For example, the energy of the 
interaction between the helix backbone 
and an NH2-terminal charge at low ionic 
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strength is as large as 0.7 kcal/mol (Table 
1). This value is similar, given the NH2-
terminal electric field measured previously 
for the same helical peptides (I), to the 
energy of the interaction between the helix 
backbone and an amide group (with a 
dipole moment of ~3.5 D). Moreover, at 
physiological ionic strengths (—200 mM) 
the backbone-charge interactions are re­
duced even further, whereas the backbone-
dipole interactions are largely unaffected 
(Fig. 3A). 

Qualitatively, differential screening ef­
fects can be understood in terms of simple 
continuum models that take the size and 
geometry of the interacting groups into 
consideration (12, 13, 20, 23, 26). The 
physical picture in these models is that the 
interacting charged and dipolar groups oc­
cupy a single low-dielectric region that is 
surrounded by a high-dielectric continuum 
that can screen the interactions. The ions 
and high-dielectric solvent of the continu­
um are excluded sterically from the imme­
diate vicinity of the interacting groups by a 
short distance, and the electrostatic re­
sponse of the continuum is reduced by this 
separation. As pointed out previously by 
Gilson et ah (20), because electrostatic 
interactions with dipoles decrease more rap­
idly with distance than interactions with 
charges (27), the response of the continu­
um and, hence, the screening effects are 
predicted to be smaller in the case of dipoles 
(28). In addition, there may be contribu­
tions to the screening that result from 
specific interactions between water, ions, 
and surface groups (13, 20, 24, 29). 

As predicted by Kirkwood and Westhei-
mer (13), different types of intramolecular 
electrostatic interactions may not be affected 
equally by the dielectric and ionic environ­
ment. The extent of the differences in 
screening at protein surfaces, however, can­
not be predicted accurately on the basis of 
the earlier small molecule studies because 
screening is expected to depend on molecu­
lar size and geometry and on the locations of 
the interacting groups. Our results indicate 
that at the surface of an a helix, the screen­
ing effects are quite different for interactions 
of the backbone with either charges or di­
poles. More generally, these results suggest 
that interactions between dipolar groups 
such as the backbone amides may be rela­
tively more important for the properties of 
proteins than is generally thought. 
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Pressure-Induced Amorphization of R-AI,Li,Cu: 
A Structural Relation Among Amorphous Metals, 

Quasi-Crystals, and curved Space 

Robert R. Winters and William S. Hammack* 
A central question in the study of amorphous materials is the extent to which they are 
ordered. When the crystalline intermetallic R-AI,Li,Cu is compressed to 23.2 gigapascals 
at ambient temperature, an amorphous phase is produced whose order can be described 
as defects in a curved-space crystal. This result supports a structural relation between 
quasi-crystals and amorphous metals based on icosahedral ordering. This result also 
shows that a metallic crystal can be made amorphous by compression. 

A central question in the study of amor- 
phous materials is: "How disordered are 
they?" (1). Formally this is known as the 
problem of medium-range order (MRO) , 
that is, order on the length scale 5 to 20 
A. Experimentally MRO is difficult to 
measure, although recent work has shown 
conclbsively ordering to -10 A for an 
alkali silicate glass (2). Also, the phenom- 
enon of pressure-induced amorphization, a 
new method for preparing amorphous sol- 
ids at ambient temperature by compres- 
sion, has demonstrated a sense of order in 
amorphous solids (3-9). The difficult as- 
pect is how to describe this "new" order in 
amorphous materials.. The most common 
approach is to establish the short-range 
order in the amorphous material and then 
look for the topological rules that govern 
the MRO (1 0). 

Several researchers have proposed that 
the order in amomhous metals can be found 
by examining a perfect crystal formed in a 
curved space (1 1, 12). Sadoc and Rivier 
showed how decurving this perfect crystal 
can produce a metal alloy or an amorphous 
metallic structure (1 3). Similarly, Nelson 
used the perfect curved-space crystal to 
define defects in icosahedral bond orienta- 
tional order (1 l) .  The major point of their 
work was to change the level at which 
disorder is considered. Rather than focusing 
on the irregular arrangement of atoms, one 
focuses on the structure of the defects be- 
cause they are defined relative to a perfect 
state in curved space. 

In this work we show that compression 
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can produce an amorphous metallic alloy 
whose order is described in curved space. 
Moreover, this result shows that we have 
observed the pressure-induced amorphiza- 
tion of a crystalline metal. The preparatory 
method is also unusual because the amor- 
phous solid is produced without quenching: 
typically ultrahigh quench rates, on the 
order of lo6 'CIS, are needed to produce 
amorphous metals (1 0). 

To understand the curved-mace ideas 
mentioned above, we must review several 
packing principles of metallic alloys. Metal- 
lic alloys prefer to have a coordination shell 
of 12 atoms in the shape of an icosahedron 
(14, 15). This arrangement allows the 
densest local packing and hence the lowest 
energy (1 6). A crystal consisting of only 
perfect icosahedral coordination shells is 
incompatible with space-filling require- 
ments; this balance between locally low- 
energy noncrystallographic packings and 
long-range periodicity has been called "to- 
pological frustration" (8, 17). Nature ad- 
justs this frustration by mixing different 
coordination shells-coordinations of 14, 
15, or 16 atoms-forming what ?re called 
Frank-Kasper phases (1 8, 19). These alloys 
are composed of atoms of different sizes. 
Thus, purely tetrahedral packing is allowed, 
which results.in a more efficient ~ackine - 
than cubic or hexagonal close packing. 
Because the Frank-Kasper phases have only 
slightly distorted tetrahedral interstices, 
they are often called tetrahedrally close- 
packed (tcp) structures (1 4). 

A structure does exist in a curved space, 
however, in which every atom has perfect 
icosahedral coordination; it is called poly- 
tope (3,331. It can be regarded as a four- 
dimensional analog of the regular icosahe- 
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