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Dvnamics of a Second-Order Phase Transition: P i  to 
1f Phase Transition in Anorthite, CaA12Si208 

Electron microscopic study of the reversible Pi to IT phase transition in anorthite 
(transition temperature T, = 516 Kelvin) shows that the antiphase boundaries (Al'Bs) 
with the displacement vector R = 1/2[111] become unstable at T,, and numerous 
small APB loops are formed. These interfaces are highly mobile, and their vibration 
frequency increases strongly with temperature. These observations suggest that close 
to T,, breathing-motion-type lattice vibrations of the framework cause the two 
different configurations around the calcium atoms, which are related by a translation 
of R = 1/2[111], to interchange dynamically through an intermediate IT configura-
tion. The high-temperature IT structure is interpreted as a statistical-dynamic average 
of highly mobile antiphase domains of primitive anorthite. 

STRUCTURAL PHASE TRANSITIONS OC- 

cur when a material changes its crys- 
tallographic structure as a function of 

temperature and pressure. The macroscopic 
properties also change at the transition. 
Hence, the study of phase transitions is of 
importance for various scientific and techno- 
logical applications of these materials. 
Whereas in first-order transitions, the sym- 
metries of the phases above and below the 
transition point bear no relation to each 
other, the symmetries of the phases involved 
in a second-order phase transition are char- 
acterized by a supergroup-subgroup rela- 
tion. Furthermore, second-order phase tran- 
sitions are easily reversible compared to 
first-order transitions. Ferroelectrics as pi- 
ezoelectric components and as pyroelectric 
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detectors are some of the technologically 
useful materials showing second-order 
phase transitions. Although considerable 
progress has been made toward a theoretical 
understanding of structural phase transi-
tions at the microscopic level (for example, 
concerning symmetry properties, Landau 
theory, and the application of static renor- 
malization group theory to critical phenom- 
ena), our knowledge of the dynamics of the 
second-order phase transition is incomplete. 
Such a transition is associated with the 
formation of antiphase domains (APDs) or 
twins below the transition temperature, Tc. 
Because the intelfaces separating these do- 
mains are observable by diffraction contrast 
in an electron microscope, the dynamics of 
the transition process can be studied direct- 

ly. However, the only known example so far 
of the application of this technique is the 
study by Van Tendeloo et al. (1) of the a - p  
transition in quartz. They showed that with 
increasing temperature, the a ,  and a 2  twin 
domains break up into smaller and smaller 
domains close to the transition temperature, 
T, (= 846 K) and that the high temperature 
p phase is a statistical-dynamic average of 
small a ,  and a;?domains. The domain walls 
are mobile at and above T,. 

We have observed a similar dynamical 
phenomena associated with the P i  to 11 
phase transition in anorthite (An), CaA12- 
Si208, a framework aluminosilicate belong- 
ing to the mineral group known as feldspars. 
Anorthite in solid solution with albite, 
NaA1Si308, forms the plagioclase series, 
which are common minerals in terrestrial 
and lunar rocks and meteorites. Brown et al. 
discovered this phase transition, which oc- 
curs at 516 K, using high-temperature sin- 
gle-crystal x-ray diffraction (2). Their work 
suggested that a certain group of x-ray re- 
flections (c type: h + k = even, 1 = odd; 
and d type: h+ k = odd, 1 = even; where h, 
k, and 1 are indices of lattice planes) disap- 
peared above T,. Subsequent x-ray and neu- 
tron-diffraction studies have shown that the 
c reflections do not completely disappear 
above T,, but persist as di&se reflections to 
high temperatures close to the melting point 
(3). Kefinements of the crystal structure 
above T, indicated that although the frame- 
work attains virtually 11(body-centered) 
symmetry, the Ca atoms remain essentially 
in two different structural sites, mimicking 
their original positions in low-temperature 
1'1 (primitive) anorthite (4). These data 
suggest that the transition is not a typical 
displacive transformation, where the entire 
structure, including the Ca sites, attains 11 
(body-centered) symmetry above T,; as a 
result, the 11structure has been interpreted 
as either a space average or a time average of 
P i  anorthite. The P i  anorthite is character- 
ized by c-type APDs separated by antiphase 
boundaries (APBs). These domains have the 
same crystal structure but are displaced with 
respect to each other by a vector that is not a 
translation vector of the crystal structure. 
Electron microscopic studies have shown 
that the APBs with the displacement vector 
R = 1/2[111], observed in dark-field by 
imaging through c reflections, disappear 
above Tc but reappear on cooling in their 
original positions (5) .Although some type 
of reorganization of the calcium sites and 

S. Ghose, Mineral Physics Group, Department of Geo- 

loeical Sciences. Universior of Washinmon. Seattle. WA 
-
9 6 9 5 .  
G. Van Tcndcloo and S. Arnclinckx, University of Ant- 

werp, Kijksunivcrsitair Ccntrnm Antwerpm, Grocnen- 

borgerlaan 171, B-2020 Antwerp, Belgium. 


REPORTS 1539 



the h e w o r k  was believed to be responsi- 
ble tbr the disappearance of the APBs, the 
detailed nature of the c-type APDs was 
uncertain. 

We prepared samples fbr electron micros- 
copy by ion-thinning 3-mm diameter discs 
cut from a petrographic thin section of a 1- 
an thick anorthite crystal h m  Val di Fassa, 
Monzoni, Italy. Microprobe analysis indi- 
cated that the crystal is pure anorthite 
(Anloo). We maintained the sample near T, 
on a heating stage in the 200-kV electron 
microscope. We were able to control the 
temperature accurately above and below T, 
by focusing and d h i n g  the electron 
beam. Large (-1 pn) APDs related by the 
displacement vector R = 1/2[111] were evi- 
dent in dark-field images of the crystal that 
were made with c reflections (Fig. 1A). At a 
temperature just below T,, the boundaries 
became unstable, began vibrating, and 
changed configuration. Simultaneously, 
many other APBs were created in the form 
of small dosed loops (Fig. 1B). These 
boundaries were dynamic; they appeared 
and disappeared and changed contiguration 
with slight changes (1 to 2 K) in tempera- 
ture. When the temperature was increased 

about 100 to 150 K above T,, the frequency 
of the APB fluctuations increased such that 
the individual interfaces could no longer be 
discerned, and the image showed a pro- 
nounced shimmering effect. On -ling 
through T,, the APBs reappeared as dosed 
loops (Fig. 1, C and D) that merged with a 
W e r  decrease in temmture. The APBs 
always reappeared in th5 same original con- 
figuration after the heating and cooling cy- 
de (Fig. 1, E and F). Presumably the APDs 
in the P i  anorthite are pinned by d e f m  and 
impurity atoms located on the domain 
boundaries. 

On the basis of high-temperature x-ray 
and neutron-dillhaion studies of anorthite, 
we constructed a model to explain the dy- 
namical phenomena occurring near T, (6, 
7). The crysml structure of anorthite has 
four aystidlographically distinct Ca p i -  
tions, each located in a subcell with c = 7 A 
(c is a uystallographic axis here). These 
subcells difir from each other by small 
deviations of atomic coordinates (-0.1 A). 
Pairs of subcells related by the body-center- 
ing vector 1/2[111] have the same Si and Al 
distributions. Following Kempster et al. (8), 
we denote these positions as Ca(ooo), 

Fig. 1. Sequence of real-space (electron microscopic) images of anorthite made in the dark-field with 
the (1lT) c-type refleaion as a function of temperature. AU photographs are from the same area of the 
sampk; (A) at room temperature, APBs separate large APDs; (8) upon heating near T, the APBs 
become mobile and many new APB loops are generated that fluctuate with a frequency that increases 
with temperature; (C) afier passing through the transition and cooling again just below T,, a large 
number of boundaries are observed, (D) these boundary loops shrink and the initial APEk begin to re- 
establish themselves; (E) at room temperature after the heating and cooling cycle; (F) the initial 
situation has been completely restored (compare with A). 

Ca(oio), Ca(zoo), and Ca(zio), respectively, 
where i and z denote transL&ons of 
-1/2[111] and -1/2[001], respectively. 
The Ca atoms thus occupy cavities in the 
h e w o r k  with similar but not identical 
configurations. In our model, the c-type 
APBs separate parts of the lattice that have 
ordered h m  parts that have antiordered 
configurations of the Ca sites. If we abbrevi- 
ate the Ca(ooo) configuration by o and that 
of Ca(oio) by i, in one (ordered) domain, 
the seauence is 0-i-o-i . . . . and across the 
born& in the next (antidrdered) domain 
it is i-o-i-o . . . . With increasing tempera- 
ture, the hnework adopts a more symmet- 
ric (body-centered) configuration as T, is 
approached, mostly through the opening up 
of the T U T  (T = Si or Al) angles in the 
aluminosilicate framework. closeio T,. sta- 
tistical fluctuations set in and brea&ng- 
motion type lattice vibrations of the frame- 
work cause the structure of the Ca sites to 
interchange dynamically between the con- 
figurations around Ca(ooo) and Ca(oio) 
[likewise Ca(zi0) and Ca(zoo)] through an 
intermediate, symmetric (IT) configuration. 
The configurational changes around the cal- 
cium atoms involve slight changes in the T- 
S T  angles only, with very little expend- 
ture of energy. Hence, this process is easily 
reversible. Above T,, large c-type antiphase 
domains will break up into small dynamical- 
ly mobile domains because of rapid fluctua- 
tions of the framework. The high-tempera- 
ture, body-centered phase then is a statisti- 
cal-dynamic average of these small, highly 
mobile, Pi-type domains. This model is 
consistent with the shimmering e 6 s  ob- 
served in the electron miaosco@ about 100 
K above T,. 

The proposed transition mechanism in- 
volves a gradual approach of the aluminosili- 
a t e  framework with increasing temperature 
to the 11 symmetry as T, is approached. 
Very dose to T,, an order-disorder mecha- 
nism involving the Ca atom configurations 
fhally drives the phase transition. Hence, 
this transition is actually first order (nearly 
second order) comparable to the a-p quartz 
transition (9). However, the energies in- 
volved in the order-disorder process may be 
too small to be detectable in the measure- 
ments of macroscopic properties, such as 
unit cell dimensions and excess specific heat, 
which are primarily determined by the alu- 
minosilicate h e w o r k .  Hence. h m  the 
thermodynamic point of view, the transition 
can be treated as second order. 
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A Specific, Highly Active Malate Dehydrogenase 
by Redesign of a Lactate Dehydrogenase Framework 

Three variations to the structure of the nicotinamide adenine dinucleotide (NAD)-
dependent L-lactate dehydrogenase from Bacillus stearothermophilus were made to try to 
change the substrate specificity from lactate to malate: Asp197 +Asn, Thr246 +Gly, 
and Glnlo2 +Arg). Each modi6cation shifts the specificity from lactate to malate, 
although only the last (Glnlo2 -,Arg) provides an effective and highly specific catalyst 
for the new substrate. This synthetic enzyme has a ratio of catalytic rate (k,,,) to 
Michaelis constant (K,) for oxaloacetate of 4.2 x 1 0 6 ~ - 's-', equal to that of native 
lactate dehydrogenase for its natural substrate, pyruvate, and a maximum velocity (250 
s-I), which is double that reported for a natural malate dehydrogenase from B. 
strarothrrmophilus. 

ACTATE DEHYDROGENASE (LDH) 
and malate dehydrogenase (MDH) 

' are structurally related enzymes (1-5) 
that use the same coenzyme to bring about 
the redox interconversion of keto- and hy- 
droxy acids by kinetically comparable mech- 
anisms (6-8) as shown in Scheme I. 
Yet each enzyme is highly selective for its 
substrate (NADi , oxidizcd nicotinamide 
adenine dinucleotide; NADH, reduced 
NAD). For example, the MDH from Thev-
~ t u sj a v u s  has a kc,,/& value for oxaloace- 
tate of 6.7 x 10%~'s-' and one for pyru- 
vate of 7 . 2 ~ - '  s-' (9). The 1,DH from 
Bacillus steavothevw~ophilus has k,,,lK, values 
for pyruvate and oxaloacetate of 4.2 x 10' 
and 4 x 1 0 3 ~ - 's-I, respectively. 

In searching for the basis of this sharp 
discrimination between substrates there are 
two sources of reference. The first is com- 
parison of gene-derived and protein-derived 

Pymvatc + NADH + H f  
(CH7 CO COO ) 

Oxaloacetatc + NADH + H f  
( O = C - c o o -

H2C-COO-) 

amino acid sequences: the primary struc- 
tures of 20 LDHs and 6 MDHs are known. 
The second is crystallographic: there are 
several x-ray structures of LDH in its apo 
(free enzyme) (lo), binary (enzyme-
NADH) (1 I), and ternary (enzyme-NADH- 
substrate analog) (12-14) forms and a binary 
structure of MDH (2, 15). 

Despite these guidelines, it was not possi- 
ble to predict with conviction the elements 
of the proteins that select one substrate and 
reject the other. For example, there is no 
MDH structure with a bound substrate 
analog. A comparison of the amino acid 
sequences of LDH and MDH is not defini- 
tive. Despite their similarity in secondary 
and tertiary structure demonstrated by crys- 
tallographic studies, they show only a limit- 
ed sequence identity; 19% between the 
LDH from 13. steamthevrnophilus (16) and the 
MDH from 7'.-flavus (17), both thermophil- 

L E  
- Lactate + NADc 

(CH? CHOH COO-) 

M_DH 

- Malate + NAD+ 

(Hz-C-COO-
I 

OH-CH-COO-) 

ic prokaryotes. Even in the sections of poly- 
peptide that we judge constitute the catalytic 
pocket, the identity is only 35% and any or 
all of the 31amino acid changes around the 
active site could contribute to the difference 
in specificity (18). 

t *  t *  * * X t* * * *  
MDH GAAPRKAcE.I$in VCNP Pl'I-RLDHN1Z G M S  
LDN G4NqlaGFiT A'INP SG'I'ILDTAR GERCD 

9 8  - 109 138-141 1 6 3  - 1 7 1  193-197 
(no 104)  ** t t  t 

AQ-RGAAlIWGAS S M 
VRDAAYQIIMKCAT GIAM 
232 - 246 249-252 

One method of testing hypotheses for 
substrate discrimination is to use mutagene- 
sis to synthesize the putative new dehydro- 
genase structure and test its substrate speci- 
ficity. This approach is not dissimilar to 
earlier chemical tests of catalytic mechanisms 
by the synthesis of a thiol proteinase from a 
serine proteinase (19). We report here suc- 
cessful attempts to change the specificity of 
B. stt,avothevmophilus LDH to discriminate 
against pyruvate and in favor of oxaloace- 
tate. The designs were based on a detailed 
understanding of the mechanism of LDH, 
an understanding acquired by a combina- 
tion of chemical modifications, site-specific 
amino acid substitutions, transient and 
steady-state kinetic measurements, and the 
exploitation of optical probes (3, 7, 20-24). 
We expect the same catalytic mechanism (6) 
will prevail in the redox illtercollversioll of 
oxaloacetate and malate and so make no 
alteration to the residues that have identifi- 
able catalytic roles. 

The spatial relation of residue 197 to the 
active site is shown in Fig. 1, the negative 
charge of the native aspartate carboxylate 
group is 0.8 nm from the substrate. This 
aspartate residue, unlike Asp'68 (22), has no 
known catalytic function, but is always a 
neutral residue in MDH. If charge conserva- 
tion (24) plays a large part in substrate 
discrimination, then substituting this resi- 
due for the neutral asparagine ought to 
select against pyruvate (charge -1) and in 
favor of oxaloacetate (charge -2). The 
steady-state catalytic properties of this modi- 
fied enzyme (Table 1) broadly hlfill the 
prediction. There is a 32-fold reduction in 
catalytic efficiency against pyruvate (as mea- 
sured by k,,,lK,) and only a 1.3-fold reduc- 
tion against oxaloacetate; the selectivity, 
therefore, shifts toward oxaloacetate (Fig. 
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