tom. Physiol. Opt. 60, 278 (1983); National Institute
for Occupational Safety and Health, Criteria for a
Rec ded Standard, Occupational Exposure to Ultra-
violet Radiation (National Technical Information Ser-
vice, Rockville, MD, 1972, Government Publication
No. PB-214 268)]. Our subjects now wear UV-
excluding clear Ultra-spec 2000 safety glasses (Uvex
Winter Optical, Inc., Smithfield, RI) during bright
light exposure, confirming that UV light is not
responsible for the phase resetting observed.

39. Kronauer (15) suggests that the illuminance of light
(as measured in lux) is related nonlinearly to its
biological influence on the endogenous circadian

pacemaker, and that the experimentally determined

S. S. Stevens, Science 133, 80 (1961)] relation

between illuminance (I) and perceived brightness
(B), B = CI'”, might apply here. This has proved
effective in the model simulation of laboratory
bright light protocols [R. E. Kronauer and J. V.
Frangioni, Sleep Res. 16, 622 (1987)].
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Water-Inserted a-Helical Segments Implicate Reverse
Turns as Folding Intermediates

M. SUNDARALINGAM* AND Y. C. SEKHARUDU

Information relevant to the folding and unfolding of « helices has been extracted from
an analysis of protein structures. The a helices in protein crystal structures have been
found to be hydrated, cither externally by a water molecule hydrogen bonding to the
backbone carbonyl oxygen atom, or internally by inserting into the helix hydrogen
bond and forming a hydrogen-bonded bridge between the backbone carbonyl oxygen
and the amide nitrogen atoms. The water-inserted a-helical segments display a variety
of reverse-turn conformations, such as type III, type II, type I, and opened out, that
can be considered as folding intermediates that are trapped in the folding-unfolding
process of a helices. Since the a helix, most turns, and the extended B strand occupy
contiguous regions in the conformational space of ¢, ¥ dihedral angles, a plausible
pathway can be proposed for the folding-unfolding process of « helices in aqueous

solution.

LL OF THE INFORMATION RE-
Aquircd for the tertiary folding of a

protein is contained in its primary
sequence (1). However, protein folding is a
fast process that makes characterization of
the folding intermediates difficult (2, 3). We
have examined native protein structures for
hints of what may have happened during
their folding. We have found that a water
molecule binds to an « helix, either external-
ly to the backbone carbonyl O atom (Fig.
1A) or internally by prying open the helix
hydrogen bond and lodging between the
backbone carbonyl O atom and the amide
group (Fig. 1B). The local conformations of
the internally solvated o helices adopt an
ensemble of classical reverse-turn conforma-
tions (4), types I, II, III, and open turns
including the 314 helix, that could represent
trapped intermediates in the unfolding or
folding of a helices. These intermediate
structures occupy either common regions or
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are proximal to each other in the Ramachan-
dran conformational space (5), and allow us
to propose plausible folding pathways of o
helices.

The impetus for this work began with our
observations on the modes of hydration of
helices in troponin C (6), in which the
exposed helix “handle” was surrounded by
water molecules that hydrogen-bonded to
the backbone carbonyl O atoms and the first
turn of the B helix was disrupted by the
insertion of water molecules into the helix
hydrogen bonds. A similar binding of water
molecules was simultaneously found in the
structure of a small molecule, a synthetic
oligopeptide analog containing a-aminoiso-
butyric acid residues (7). We surmised that
these hydration schemes represent steps in
the unfolding of « helices (6). The water-
inserted segments displayed reverse-turn
conformations, which suggested that the
turn could be an incompletely folded helical
segment that was trapped during the fold-
ing-unfolding of the a helices. Additional
evidence for this arose when we noted the
interchangeable occurrence of the helical

segments and reverse turns in structures of
the same protein from different sources: for
example, phospholipase A2 residues 58 to
62, bovine (1BP2) (helical) versus porcine
(1P2P) (turn); lysozyme 112 to 115, hu-
man (1LZ1) versus chicken (1LZT); acid
protease residues 128 to 130, 161 to 163,
and 176 to 178, penicillium (2APP) versus
rhizopus (2APR). In the similarly folded
chymotrypsin family of serine proteases, the
helix content and the number of water-
inserted segments differ, 2ALP (one helix),
3EST (two helices and one inserted seg-
ment, 233 to 237), 3RP2 (three helices and
one inserted segment, 233 to 237), 2PTN
(three helices and two inserted segments,
172 to 176 and 233 to 237), 4CHA (three
helices and one inserted segment, 232 to
236), and 1TON (four helices and three
inserted segments, 173 to 177, 232 to 236,
and 233 to 237), again revealing the inter-
changeability of helical and nonhelical seg-
ments. In troponin C, there are four ho-
mologous calcium-binding helix-loop-helix
motifs, namely, A, B; C, D; E, F; and G, H,
but only the B helix contained inserted
waters, whereas the other helices did not
(6).

We collected hydrated a-helical segments
from 35 protein structures (Table 1) that
have been refined at a resolution of 1.9 A or
better from the Brookhaven Protein Data
Bank (8). Only one structure from a family
of proteins was included in our analysis. In
serine proteases, one each from chymotryp-
sin and subtilisin families was used. We used
the criterion that the hydrated “helical” seg-
ment should contain at least two residues in
common with a helix, inclusive of the termi-
nal residue, and also be compatible with
retention of the adjacent helical conforma-
tion as visualized on a PS300 system using
FRODO. Hence, we used N —3 and
C + 3 as helix boundaries, where N and C
are the positions in the sequence of the helix
terminal tersidues, as found in the Brookha-

Fig. 1. The local pentapeptide segment of an o
helix (A) with an externally bound water to the
backbone carbonyl O atom, and (B) with an
internally bound water bridging the backbone
carbonyl O; of the ith residue and the amide
nitrogen atom Ny, 4.
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ven Data Bank HELIX records. The search
was performed over the length of the helices
from N — 3 to C + 3 to extract the penta-
peptide segments with externally bound wa-
ters, COy~NH;;4 and CO;+Ow hydrogen
bonds; the three-center transition state,
CO,‘"‘NH,’+4, CO,’"'OW, and NH,’+4"‘OW
hydrogen bonds; and internally bound wa-
ters, COy~Ow and NH;,4~Ow hydrogen

bonds. The hydrogen bonds were identified
by the distances d1, d2, d3, d2', and d3', and
the angles 61, 62, 63, and 64 (Fig. 2A)
involving CO;, N;+4, Hi14, and Ow atoms.
The distances and angles involving the am-
ide proton were obtained by fixing the
proton at 1.0 A from the amide N atom
along the bisector of the angle C'N Ca. The
water molecule was considered to hydrogen-

Table 1. The 19 proteins* that contain water-inserted and three-centered segments [see (12)].

Protein Codet Helixt Sequence§ Waterll 429 43

Azurin 2AZA  55-67 54-58 (ASQII) 167 55 3.0
55-67 59-63 (VATDG) 138 2.8 33

Bacteriochlorophyll-A protein ~ 3BCL ~ 183-190 184-188 (F A AI N/D) 60 43 31
183-190 181-185 (GP A F A) 47 47 3.0

284-297 291-295 (GMT G K) 114 44 29

284297 287-291 (LTHHG) 35 29 30

Carboxypeptidase A 5CPA 215-231 230-234 (LKSLY) 444 46 28
285-306 283-287 (ASQII) 491 48 3.0

Dihydrofolate reductase 3DFR  78-89 86-90 (AKNHL) 240 3.1 34
Hemoglobin 1ECD 117-133 116-120 (GAE A A) 88 59 3.0
117-133 115-119 (AGAE A) 85 5.0 31

76-88 75-79 (NIE AD) 55 59 34

Glutathione reductase 3GRS 444453 441-445 (DEML Q) 1 53 29
299-304 296-300 (KDL SL) 158 6.1 3.0

444453 442-446 (EMLQG) 24 57 31

56-86 80-8¢ (DEMLQ) 248 54 29

56-86 79-83 (MHDHA) 18 50 3.2

444-453 451-455 (VKM GA) 408 43 3.3

Myoglobin (oxy) IMBO  20-35 22-26 AGHGQ 122 3.0 3.1
58-77 70-74 (TAL GA) 131 31 34

58-77 62-66 (KKHGYV) 122 32 34

3-18 14-18 WAKVG) 281 29 25

3-18 15-19 (AKVEA) 281 37 34

Phospholipase A2 1BP2  89-108 9498 (FICNC) 37 31 34
Proteinase K 2PRK 244-256 246-250 (ASA CR) 9% 59 32
244-256 245-249 (AASAC) 53 51 29

Ribonuclease A 1IRN3  24-34 23-27 (SNYCN) 250 52 3.0
Thermolysin 3TLN 260-274 258-262 (1 GR DK) 528 49 32
233-246 231235 (HIN S G) 398 51 33

Tonin ITON 231-244 233-237(LKSLY) 33 57 28
231244 232236 (IKFTS) 91 52 34

176-179 173-177 (K DN V T) 19 43 29

Lysozyme 2LZM 108-113 106-110 M GETG) 214 40 29
93-106 103-107 (VF QM G) 354 2.7 28

Cytochrome ¢ peroxidase 2CYP  42-54 41-45 (GYGPV) 345 54 3.1
Troponin ¢ (chicken) 4TNC  41-48 3943 (TKELG) 240 49 3.1
75-105 8690 (MKED A) 175 2.8 32

75-105 88-92 (ADAKG) 183 32 34

117-125 120-124 (EIL R A) 224 31 34

Citrate synthase 3CTS 373-386 375-379%* 46 49 27
373-386 376-380 47 59 31

163-195 164-168 28 5.0 3.0

221-236 221-226 83 33 32

3743 41-45 3 49 32

o-Glyceraldehyde-3-phosphate 1GD1  210-215 209-213 (GA AKA) 467 2.7 3.3
dchydrogenase 210-215 208-212(TGAAK) 352 57 32
10-18 7-11 (GEGRI) 35 6.0 34

Myohemerythrin 2MHR 71-84 74-78 (KKMHK) 184 30 34
93-108 102-106 (WL VNH) 125 28 34

Cytochrome ¢2 3C2C  63-83 73-77 NPKAF) 196 29 32

*The following 16 proteins do not contain the inserted segments: cytochrome ¢ (3CYT), ferredoxin (4FD1), L7/L12
ribosomal protein (1CTF), ovomucoid third domain (10VO), papain (9PAP), plastocyanin (5PCY), ubiquitin
(1UBQ), acid proteinase (2APR), actinidin (2ACT), scorpion neurotoxin (1SN3), trp repressor (2WRP), cyto-
chrome ¢3 (2CDV), insulin (1INS), trypsin inhibitor (§PTI), cytochrome ¢(prime) (2CCY), and ribonuclease T1

(IRNT).

scgment containing the water molecule.
3.4. **Amino acid sequence unknown.
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tBrookhaven Protein Data Bank (PDB) code.
IlIAs numbered in PDB.

tHelix residues as in PDB. §Pentapeptide

In the three-centered cases, d2 <

bond to the helix carbonyl O atom when
d1 = 3.4 A and 81 > 90°, and to the amide
group when d3 = 3.4 A and 63 > 90°, in
accordance with established criteria (9).
Likewise, the helix hydrogen bond was con-
sidered to be present if d2 =< 3.4 A and
82 > 90°. The average values of the angles
were 01 = 122° + 9° and 62 = 156° = 12°
in the external cases, 61 = 127° = 11°,
02 = 155° + 16°, and 63 = 108° = 13.0°
in the three-centered cases, and 01 =
135° = 15° and 63 = 152° + 19° in the in-
ternal cases (the errors represent the stan-
dard deviations). In the three-centered cases
where the amide proton is shared by both
the carbonyl and the water O atoms, the
absolute value of the pseudodihedral angle
H,‘+4 - N,'+4 - Ow — O,‘ was 11° = 8% and
the sum of the angles 62 + 63 + 64 around
the amide proton was 325° = 17°, implying
the near planarity of the N;y4, Hiyg, Ow,
and CO; atoms (9).

The distances d1, d2, and d3 were plotted
in ascending magnitude of d3 (Fig. 2B) to
determine the influence of the approach of
the water molecule to the amide group on
the helix hydrogen bond. To the left of the
transition state (Fig. 2B), there are a total of
50 cases. In 66% of these cases, the water
molecule is inserted and hydrogen-bonded
to both the carboxyl and the amide groups
(d3 < 3.4 A) and the helix hydrogen bond is
broken (d2 > 3.4 A) (Fig. 2B). In the re-
maining 34% of the cases, the helix hy-
drogen bond is not disrupted (d2 < 3.4 A
and d3 < 3.4 A) and represents the three-
centered cases. The structures with three-
center hydrogen bonds can be regarded as
intermediates in the transition between the
externally and internally bound states. Of
the 35 proteins, 15 contained water-inserted
segments, 11 contained three-centered cas-
es, and 27 contained externally bound seg-
ments. In all of these 35 proteins, there were
312 cases of hydrated segments, of which
262 were external, 17 were three-centered,
and 33 were internal segments. Among the
internally bound segments, 26 occur at the
amino termini (CO; located between N — 3
and N + 3), 4 at the carboxyl termini (CO;
located between C — 3 and C), and 3 within
the helix (CO; located between N + 3 and
C — 3). Thus the water molecules can be
inserted at any position along the helix,
although they show a preference for the
amino terminus. The insertion of a water
molecule into the helix generally results in a
kink or a directional change in the helix. The
disposition of the external, three-center, and
internal water molecules with respect to the
carbonyl group of the peptide is shown in
Fig. 2, C through E. The external and three-
centered waters show a propensity for the
outer lone-pair orbital and the internal wa-
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ters for the inner lone-pair orbital.

Of the 262 segments, there were 63 cases
with only CO; externally bonded to a water
molecule. The average values of the five
pairs of the ¢, ¢ angles in these segments
were: (i) —63°, —40°% (i + 1) —66°, —43°;
(i+2) —63° —43°% (i + 3) —64°, —40°;
and (i +4) —65° —41°. Nine segments
showed distortions in the ¢, ¥ values that
exceeded the average values by 3 SD and
were omitted. The remaining 190 segments
had one or more of the CO groups ati + 1,

Nisa  Nies
Transition
state

Distance (A)
S

2 c-0%nN

1 gl
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i 60 120 180 240 300
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i+ 2,i+ 3 and i + 4 that were hydrogen-
bonded to water molecules and thus were
omitted in the calculation of the average ¢,
s values. The &;41, U; values are similar to
those observed by Blundell et al. (10) for the
a helices in hydrophilic environment (—66°,
—41°) and deviate from the values found for
the helices in hydrophobic environment
(—59°, —44°) (10). The corresponding ¢, ¥
values of the three-centered cases, excluding
four segments with deviations greater than 3
SD from the average ¢, |, were: (i) —66°,

° °
o o
° o0 ° ° °
oo 3
o o
o o
® °" %o °
o
° oo

—38% (i + 1) —66°, —40°% (i +2) —68°,
—41°% (i+3) —64°, —41°% and (i + 4)
—61°, —36°. The perturbations in these
values are small compared with those for
buried helix; nevertheless, they display a
tendency for distortion in the direction of a
310 helix, —71°, —18°.

In the internally bound water segments,
the conformational distortions are more di-
verse and the ¢ and ¢ values (Fig. 3) are
dispersed over the a helix, type-III turn,
type-I turn, and occasionally in the type-II

C
°
° 0O
o0 ® °
°
°
o o
wo°o % o °
00 °
[

Fig. 2. (A) Schematic drawing of an a-helical segment showing the potential hydrogen-bond distances
and angles involving the carbonyl O atom, the amide group, and the water molecule. (B) A plot of the
distances d1, d2, and d3 in the ascending order of the magnitude of d3. Note that as d3 decreases and
reaches the hydrogen-bonding distance of 3.4 A (transition state), 42 increases abruptly accompanied by
the disruption of the helix hydrogen bond in the 33 cases where the water molecule 1s inserted. In the 17
three-centered cases, this dramatic change is not seen and the helix hydrogen bond is intact as in the external cases. (C) Stereoplot showing the distribution of
the externally bound water molecules to the a helices in proteins. Note that the water molecules favor the direction of the outer lone-pair orbital of the O
atom. (D) Stereoplot showing the distribution of the water molecules in the three-centered cases showing a preference for the outer lone-pair orbital as in (C).
(E) Stereoplot showing the distribution of the water molecules in the internally bound segments which show a preference for the inner lone-pair orbital in
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turn and random coil or extended B regions.
It appears that the water-inserted segments
can adopt virtually the entire spectrum of
the contiguous conformations in the ¢, ¥
space. The 21 segments with 4 — 1 hydro-
gen bonds represent the classical reverse
turns, namely, types I, II, and III, and are
centered at any of the four possible adjacent
pairs of residues (i, i +1; i+ 1, i+ 2;
i+2,i+3;andi + 3,i + 4) in the penta-
peptide segments. The type-III turns occur
most frequently, followed by the type-I and
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Fig. 3. The plot of the ¢, y angles (indicated as
crosses) of the water-inserted local pentapeptide
segments, superimposed on a Ramachandran
map. The distribution of the ¢, { values indicates
the considerable conformational flexibility dis-
played by these segments ranging from the vari-
ous types of reverse turns to the open turn and the
extended B strand. The water-inserted segments
show a propensity for the “neck” region, compris-
ing the type-I and type-III turns, indicating that
the pathway in the conformational transition of
the folding-unfolding process involves the turns.
The crosses in the outlying regions are glycines.

Fig. 4. Representative hydrated
segments observed in protein crys-
tal structures. (A) Water molecule
bound externally only to helix car-
bonyl O atom (1ECD, residues
102'to 106, d1 =28 A, d2=29
A, 01 = 124°, and 62 = 163°). (B)
Water molecule bound to both the
carbonyl and the amide groups,
where the amide proton is involved
in a three-center hydrogen bond
(4TNC, residues 86 to 90,
d1=27A d2=28 4 d3=32
A, 61 =114° 62=170° and
63 = 116° 62 + 63 + 64 = 348°).
(C) Insertion of a water molecule
disrupting the helix hydrogen bond
and the formation of a type-III turn
(5CPA, residues 283 to 287,
d1=31A,d3=3.04,61 = 140°,
and 63 = 172°). (D) Same as (C),

type-II turns. The type-III and type-I re-
verse turns require only small perturbations
in the ¢, ¥ values from an « helix. The type-
II turns are restricted to the peptide seg-
ments with Pro-Gly sequences and require
large conformational changes from an «
helix. The remaining 12 segments that did
not contain the 4 — 1 hydrogen bonds are
open turns (11). These segments showed
considerable conformational diversity that
depended on the hydrogen-bonding geome-
try between the backbone carbonyl and am-
ide groups and the bridging water molecule.
In other words, the nature of the conforma-
tion adopted by the segments depended on
the degree of “penetration” of the water
molecule into the helical segment or on the
“bite,” that is, the distance of separation of
the carbonyl and amide groups. The confor-
mational states of the representative hydrat-
ed segments are shown in Fig. 4.

The internal and external solvation of «
helices is quite common in protein struc-
tures. The water-inserted segments, most
interestingly, display virtually the entire
range of conformations from the a helix to
the extended B strand connected by the
turns in the “neck” region of the ¢, ¢ space
(Fig. 3). A comparison of the amino acid
composition of the inserted segments (12)
with that of reverse turns, a-helix termini,
and o-helix middles (13) showed that the
inserted segments are more similar to an o
helix (termini or middle) (correlation coefhi-
cients, 0.81 and 0.78) than to reverse turns
(correlation coefficient, 0.57). Thus these
hydrated segments are potentially o helical
and the series of conformations that they
display could represent intermediates in the
unfolding-folding process of o helices. Re-

but forming a type-I turn (3GRS, residues 442 to 446, d1 =2.9 A, d3=3.1 A, 61 = 144°, and
03 = 164°). XE) Same as (C) and (D), but forming a type-II turn (2PTN, residues 172 to 176,d1 = 2.8
,0

A d3=30

1 = 139°, and 63 = 166°). (F) Insertion of a water molecule into the helix resulting in

the disruption of the helix and turn hydrogen bonds and forming an open turn (2AZA, residues 54 to
58, d1=3.1 A, d3=3.0 A, 61 = 143°, and 83 = 153°). The above hydrated segments may be
regarded as “snapshots” of the intermediates involved in the folding.
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cent two-dimensional nuclear magnetic res-
onance studies (14) of a synthetic peptide
(19 residues) having the sequence of the C
helix of myohemerythrin in aqueous solu-
tion have indicated the presence of a set of
turnlike structures in the carboxyl-terminal
half, which were found to be rapidly inter-
converting between the folded and unfolded
states. Our analysis identifies a role of water
in the transition of the « helix to the random
chain through various hydrated reverse
turns and suggests that these reverse turns
represent incompletely folded helical seg-
ments or trapped intermediates.

The gamut of water-mediated segments
suggests ideas about the possible “confor-
mational reaction coordinate” of the pro-
gressive unfolding of a helices in aqueous
solution. The reaction coordinate may be
represented by the structures that differ least
in conformation, and therefore in energy,
lying in the contiguous regions of the ¢, ¢
space that are both stereochemically and
energetically permitted. It can be envisaged
that o helices are initially solvated at the
carbonyl O atoms (Fig. 4A) and three-
center hydrogen bonds are formed (Fig.
4B). The water molecule could then pry
open the helix hydrogen bond by inserting
between the amide and carbonyl groups
(Fig. 4, C through F). In this process the
5—1 hydrogen bond is broken and a
4 — 1 hydrogen bond is formed that leads
to reverse turns. The type-III turn, by virtue
of being closest to the a helix in conforma-
tional space, would be expected to be the
initial intermediate encountered in the un-
folding (Fig. 4C), followed by the type-I
(Fig. 4D) or type-1I (Fig. 4E) and the open
turns (Fig. 4F). The reverse of this order
would represent the folding process. The
dynamics of unfolding may involve many
water molecules, other interactions, and one
or more of the above intermediates. Howev-
er, the inserted water molecule seems to play
a critical role in the folding or unfolding of
the helix. Thus the conformational transi-
tion from the a helix to the extended chain
or random coil perhaps traverses through
various types of turns. Consequently, the
family of hydrated reverse turns appears to
play a central role in the formation of pro-
tein secondary structures. Thus the turns,
besides being involved in the familiar chain
reversal (15), also appear to be involved in
the formation of the “linear” secondary
structures driven by water molecules.

In the framework model of protein fold-
ing (16), the secondary structures are be-
lieved to be formed first and are then
brought into proper interacting positions to
form the tertiary structure through chain
reversals involving loops and reverse turns,
which are distinguished from the local re-
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vese turns in the o helices discussed above.
The reverse turns and loops in the proteins
are generally exposed to the aqueous envi-
ronment and are highly hydrated. Our pre-
liminary analysis of the patterns of hydration
of these loops and turns indicates that the
water molecules again play an intimate role
in directing the chain folding (17) and thus
probably play a key role in driving protein
folding.
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Global Positioning System Measurements for Crustal
Deformation: Precision and Accuracy

WiLLiam H. PRESCOTT, JAMES L. DAvis, JERRY L. SVARC

Analysis of 27 repeated observations of Global Positioning System (GPS) position-
difference vectors, up to 11 kilometers in length, indicates that the standard deviation
of the measurements is 4 millimeters for the north component, 6 millimeters for the
east component, and 10 to 20 millimeters for the vertical component. The uncertainty
grows slowly with increasing vector length. At 225 kilometers, the standard deviation
of the measurement is 6, 11, and 40 millimeters for the north, east, and up
components, respectively. Measurements with GPS and Geodolite, an electromagnetic
distance-measuring system, over distances of 10 to 40 kilometers agree within 0.2 part
per million. Measurements with GPS and very long baseline interferometry of the 225-
kilometer vector agree within 0.05 part per million.

ELATIVE MOTION OF THE MAJOR
tectonic plates of the earth pro-
duces crustal deformation along the
plate margins. This deformation typically in-
volves strain rates of 0.1 to 0.5 ppm/year (1).
Since late in the 19th century [for example,
(2)], our understanding of crustal deforma-
tion has benefitted greatly from geodetic ob-
servations. Until recently, studies of the defor-
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mation occurring in plate boundary zones
relied on data from triangulation, trilatera-
tion, and leveling. However, GPS surveying is
rapidly becoming the preferred technique. In
addition to providing a great deal of flexibility
in selection of stations and a greater tolerance
for adverse weather conditions and air quality
than the older techniques, GPS provides a
direct observation of three translation compo-

nents and orientation. With land-based sur-
veying, techniques must be combined in
order to obtain all three translation compo-
nents of station motion and the precision of
the determination of the rotational part of
the deformation is far below that of the
other components. The ability to observe
directly all translational components plus
orientation between stations separated by
any distance allows us to study plate defor-
mation at broad scales over hundreds of
kilometers as well as within a few meters in
fault zones. Since late 1985, we have made
repeated GPS measurements of the relative
positions of stations in the western United
States. In this report, we use this data set to
examine the repeatibility of GPS vectors and
to compare GPS measurements with those
from other techniques.

The heart of GPS is a set of satellites
(currently 7 active, but eventually 21) orbit-
ing the earth at an altitude of approximately
20,000 km. These satellites transmit on two
L-band frequencies, L; at 1575.42 MHz
and L, at 1227.60 MHz. Receivers record
time-tagged pseudo-range and phase obser-
vations (3) from Ly, L,, or both. The signals
broadcast by the satellites allow the user to
determine the location of a single receiver
with an accuracy of a few meters. For geo-
detic applications, at least two receivers are
required. The satellite signals are then used
in differential processing to determine the
relative position of the receivers with an
uncertainty 10-> times as small as the mea-
surement obtained with a single receiver.

The largest number of repeated observa-
tions are measurements of the relative posi-
tions of four stations in the vicinity of
Parkfield, California (Fig. 1). Estimates of
relative position were obtained from month-
ly GPS measurements (4—10), the series
extending from January 1986 to October
1988. In all of the solutions, the coordinates
of station 10JDG were fixed (11), and coor-
dinates of the other three stations relative to
station 10JDG were determined for each set
of observations. The secular trends in station
movement (Fig. 2) indicate that there was
significant motion only in the component of
velocity parallel to the strike of the San
Andreas fault (Table 1). Rates obtained
with GPS are consistent with other esti-
mates of the creep rate (12) in the Parkfield
area. The vertical component of one obser-
vation for station Joaquin is a clear outlier.
We suspect that there was an error in the
measurement of the antenna height.

The variations about the best fitting
straight line are of particular interest for
assessing the precision of the observations
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