
to the electrical properties of the upper fro- 
zen layer. The conducting active layer, 
which is always present in the summer and 
hampers such galvanic methods as d-c re- 
sistivity measurements (10), had essen- 
tially no effect on the data obtained. 
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Studies of sperm whale metmyoglobin 
(metMb) (1, 2) show that the positions of 

hydrogen atoms, deuterium atoms, and 
bound water molecules in a protein can be 
determined by neutron diffraction. In con- 
trast to x-ray scattering factors, the neu- 
tron scattering length of the hydrogen 
atom is negative, and large enough to be 
seen readily in a Fourier synthesis. In this 

report we describe a neutron diffraction 
analysis of carbon monoxide myoglobin 
(MbCO), a low-spin derivative. 

According to Perutz (3), mammalian he- 
moglobin (Hb) undergoes significant struc- 
tural changes on transition to the low-spin 
case. X-ray comparisons of Mb derivatives 
of high (4), intermediate (5), and low (6, 7) 
spin do not show such large changes, al- 

though pH-dependent differences occur in 

Fig. 1. Section of the MbCO neutron Fourier 
maps, showing CD4 phenylalanine. The side 
chain is well formed and indications of hydrogen 
atoms appear as negative contours. 
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determine that EO = (iw op2)l/2 Ho, Eo and Ho 
being orthogonal. In the permafrost itself 
V x H = 0 and V x E = iow oH. At the surface of 
the permafrost it follows that Hy = H0 and Ex = 
[(i0uop,2)1/2+ iw uoh]Hy, where h is permafrost 
thickness. Defining pa as in (2) and 62 as in (7), it 
follows that 

P= 
+ 2h + 2h2) 

Pa - P2 ( + 2 
22 

7. Skin depth, 62 = (2 p2/c o)l/2, is the depth at 
which a plane wave has been attenuated to e-l of its 
initial amplitude. 

8. The apparent resistivity curve begins to roll over 
when h > 0.2 6, where 62 is the skin depth in the 
permafrost, or when at, the product of con- 
ductivity and thickness, exceeds 0.02 mho. The ef- 
fect of displacement currents depends on e, which 
may be as high as 100l, for ice below 104 hertz (,e 
is the electrical permittivity of free space). For 
the general expression of the surface impedance of 
a two-layer and three-layer earth, see J. R. Wait, 
Electromagnetic Waves in Stratified Media (Per- 
gamon, New York, 1962). 

9. The average over N stations is 

T (pi), 2 PN = N2 2 i= 

10. D. F. Barnes and G. R. MacCarthy, Preliminary 
Report on Tests of the Application of Geophysical 
Methods to Arctic Ground-Water Problems 
(Open-file report, U.S. Geological Survey, Denver, 
Colo., 1964); A. A. Ogilvy, Geol. Surv. Can. Econ. 
Geol. Rep. No. 26 (1970), pp. 641-648. 
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dian Defence Research Board while the author was 
under fellowship from the International Nickel 
Company; part of the equipment used was loaned 
by Kennecott Copper Corporation. Field support 
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Survey of Canada are gratefully acknowledged. 
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alkaline metMb (8). Hoard's prediction (9) 
that the low-spin ferrous iron is coplanar 
with the porphyrin [as observed for some 

porphyrin complexes (10)] has not been 
confirmed in any of these Mb studies. On 
the other hand, investigations of several 
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porphyrin complexes (10)] has not been 
confirmed in any of these Mb studies. On 
the other hand, investigations of several 

Hb monomers (11-13) show structural 
changes with the iron in the heme plane. 
Neutron analysis allows examination of 
some of these questions, as well as the elu- 
cidation of the general hydrogen bonding, 
hydrogen-deuterium exchange, and the 
bound water structure. 

A large crystal of MbCO (27 mm3) was 
grown from a 70 percent saturated ammo- 
nium sulfate solution at pH 5.7. The hy- 
drogen atoms in the solvent (and thus in 
the water of hydration) were replaced with 
deuterium atoms after the crystal was 
grown, so as to reduce the background ra- 
diation resulting from the large incoherent 
neutron scattering of hydrogen. A neutron 
flux of 1.0 x 107 neutrons per square cen- 
timeter per second was obtained at 1.52 A 
with a pyrolytic graphite monochromator. 
An identical crystal served as analyzer to 
reduce half-wavelength contamination and 
background. Counting statistics were im- 
proved compared to those in the metMb 
work by the higher reflectivity of pyrolytic 
graphite and longer exposure times. Over 
14,000 reflections in the 1.8 A half-sphere 
were measured by rotating the crystal in 
0.06? steps with a four-circle diffractome- 
ter at the Brookhaven High Flux Beam 
Reactor. After background and Lorentz 
corrections, absorption corrections were 
applied using the experimentally deter- 
mined value of the neutron absorption 
coefficient, A = 2.4 cm-'. The agreement 
factor for the 6706 independent reflections 
was 3.8 percent in the structure factor, F. 

Neutron phases were calculated from 
the Kendrew-Watson x-ray structure (14) 
(no hydrogen atoms). These calculated 
phases should approximate the true neu- 
tron phases in spite of the fact that omit- 
ting the hydrogen atoms leaves out almost 
half the total number of atoms in the pro- 
tein. This is due to the systematic distribu- 
tion of hydrogen atoms throughout the 
protein. Phase calculations on a model 
Mb structure show the average phase 
error due to the omission of hydrogen and 
deuterium atoms to be only 31? to a Bragg 
resolution of 1.8 A. Further verification 
comes from the anomalous determination 
of several hundred phases from a Cd 
metMb derivative (15), where an average 
phase change of 37? was observed when 
compared to the calculated phases de- 
scribed above. The calculated phases are 
therefore sufficiently accurate for an analy- 
sis of the H, D, and D,2 positions and for 
the initiation of a structure refinement. 

Part of the MbCO Fourier map is de- 

picted in Fig. 1, showing the CD4 phenyl- 
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alanine side chain with evidence of hydro- 
gen atoms that are bound to the aromatic 
ring. In general, the MbCO Fourier maps 
were clearer and less noisy than the metMb 
maps because of the larger data set and 
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Neutron Diffraction Analysis of Myoglobin: Structure of the 

Carbon Monoxide Derivative 

Abstract. The locations of hydrogen and deuterium atoms and water molecules have 
been investigated in carbon monoxide myoglobin using neutron diffraction, and the re- 
sults are compared with earlier work on metmyoglobin. Parallel real space refinements 
on the two molecules show relatively few changes, but do show the carbon monoxide 
molecule with the iron atom moving into the heme plane. 
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better statistics. Both structures were re- 
fined by the real space technique (16) and 
compared to determine structural differ- 
ences. This refinement minimizes the dif- 
ference between the observed nuclear den- 

sity and the model density as calculated 
from atomic coordinates. The details of 
the refinement on metMb (17) and MbCO 
have been presented recently (18). The re- 
fined values of the scattering length, b, for 
hydrogen atoms that cannot exchange give 
an indication of the validity of the final fit 
(see Table 1). For example, 98 percent of 
the C a hydrogen atoms were observed. On 
the other hand, values of b for hydrogen 
atoms that can exchange measure the hy- 
drogen-deuterium exchange. As seen in 
Table 1, 64 percent of the main chain am- 
ides are observed to exchange, consistent 
with chemical studies (19, 20). One signifi- 
cant change in the hydrogen bonding be- 
tween the two structures is evident at the 
ligand site. The proximity of various lig- 
ands to the Ne2 atom of the distal histidine 
imidazole ring has led several investigators 
(5, 11, 21-23) to suggest the existence of a 
hydrogen bond between them. The neutron 
maps show a deuterium bond here in 
metMb with D20 at the ligand position (2, 
17); however, no hydrogen or deuterium 
bond is found in MbCO. The hydrogen 
bonding of threonine and serine side chains 
to the main chain carbonyls was similar to 
that found in metMb. In general, the ob- 
served hydrogen and deuterium atom loca- 
tions in MbCO are the same as in metMb. 

Ordered water molecules and counter- 
ions were found in MbCO, as in metMb, 
on the protein surface near polar groups. 
One large and still unexplained peak was 
found in both metMb and MbCO deep in 
the hydrophobic pocket near the heme, ser- 
ine G9, leucine H 1, leucine El5, and iso- 
leucine G12. In both metMb and MbCO, 
four water or counterion molecules form 
deuterium bonds to the propionic side 
chains of the porphyrin ring. Stereo- 
chemically they appear to hinder a ligand 
molecule entering or leaving the Mb mole- 
cule on the distal histidine side of the 
heme. This is consistent with work by 
Frauenfelder and co-workers (24), who ex- 
amined MbCO by flash photolysis and 
found that the CO molecule can move out 
of the hydrophobic pocket, but is unable to 
leave the Mb molecule completely at low 
temperatures. Although we find no sign of 
a deuterium bond between the N62 atom of 
histidine FG3 and the nearest propionic 
side chain in either metMb or MbCO, 
there is a solvent bridge from N 6 to the 
other propionic side chain. 

Several changes in the tertiary structure 
of MbCO were found in the heme region, 
shown in Fig. 2. The view is along the c- 
axis and parallel to the heme. The crosses 
7 NOVEMBER 1975 

designate the metMb coordinates, which 
were used in the calculations of the neutron 
phases for the MbCO Fourier maps. The 
iron atom is in the center of the heme, with 
the proximal histidine on the left and the 
distal histidine on the right. Near the upper 
part of the density representing the heme 
are two peaks corresponding to part of 
each propionic side chain with a solvent 
molecule between them. The CO molecule 
is the elongated density on the distal histi- 
dine side and extending down into the hy- 
drophobic pocket located about 0.8 A be- 
low the axis linking the heme-linked histi- 
dine with the iron atom; the Fe-C-O bond 
angle is 135?. [Spectroscopic studies (23) 
indicate that the carbon atom binds to 
iron; neutron experiments do not distin- 
guish carbon from oxygen.] Refinements 
of the two structures show changes at the 
edge of the heme in the vicinity of the E 

Table 1. Presence of hydrogen or deuterium 
atoms for different groups as determined by the 
real space refinement. Main chain amides with 
zero density represent partial exchange. Hydro- 
gen atoms should not exchange in the first four 
groups; they should exchange for deuterium in 
the last four groups, except in the hydrophobic 
pocket. 

Hydrogen or 
Atomic group deuterium 

atoms found 

CH3 (methyl) 79% H 
CH2 (hydrocarbon 

chain) 85% H 
CH (planar ring) 88% H 
C"H (main chain Ca) 98% H 
ND2 (amide) 77% D 
OD (hydroxyl) 100% D 
ND3 (ammonium) 80% D 
ND (main chain 25% H 

amide) 11% Zero density 
amiue) ] 64% D 

Fig. 2. View of the 
heme group environ- 
ment. The porphyrin 

- 
' 

~_~ring is the elongated 
--. --. 

' 
density in the center. 

^- : A The following letters 
/| . identify atomic groups 

or atoms: (A) porphy- 
-' . SM i rin ring, (B) propionic 

side chains, (C) D20 

^|| v F -molecule, (D) iron, (E) 
CO molecule, (F) dis- 

!i~: ,~ tal histidine E7, (G) 
proximal histidine F8, 
and (H) serine F7. The 
crosses represent the 
metMb x-ray coordi- 

E nates. Note the lack of 
. y-AN 1Xa deuterium bond from 

the CO molecule to the 
distal histidine. Below 
the CO molecule is a 
heme vinyl group. The 
valine El 1 side chain is 
not shown in this sec- 
tion. 

helix and also at both propionic and vinyl 
side groups, whose conformational angles 
differ by about 10?. Movement of the heme 

interior, however, is less than 0.1 A. The 
iron atom has moved over 0.3 A closer to 
the heme in MbCO relative to metMb and 
is found about 0.1 A from the plane of the 
four porphyrin nitrogen atoms. The EF 
corner of the polypeptide chain moves 
away from the heme; the valine Ell side 
chain has moved away from the ligand in 
MbCO as predicted by nuclear magnetic 
resonance work (25) and as observed in 
CO erythrocruorin (12). 

Atomic coordinates for all protein 
atoms, as well as water molecules, will be 
presented elsewhere (26). 
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with continental polar air. 

Recently reports have appeared in- 
dicating that H2SO4-NH4HSO4 and 

(NH4)2SO4 were the optically dominant 
submicrometer aerosols in the St. Louis, 
Missouri, area during September 1973 (1). 
Further analysis of the data indicates that 
the occurrence of acidity (H2SO4- 
NH4HSO4) is associated with maritime 

tropical air and the occurrence of salt 

[(NH4)2SO4] with continental polar air. 
The University of Washington partici- 

pated in the September 1973 preliminary 
Regional Air Pollution Study at St. Louis. 
The objective of the University of Wash- 

ington team was to characterize the light- 
scattering properties of the aerosol and to 
measure the aerosol light-scattering as a 
function of relative humidity. A plot of 

light-scattering versus relative humidity is 
termed a "humidogram." In addition to 

indicating the hygroscopic nature of the 
aerosol, the humidogram can also provide 
information about the molecular or ionic 

composition of the aerosol (2).. 
For the period 4 to 27 September 1973, 

99 percent of the humidograms of the 
aerosol at Tyson, Missouri (about 25 km 
west-southwest of St. Louis), exhibited ei- 
ther a monotonic, hygroscopic response or 
a deliquescent response with the deliques- 
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cent point at about 79 percent relative hu- 
midity. Data from 21 to 27 September (1) 
suggest that the hygroscopic humidograms 
consistently result from an aerosol con- 
taining a large fraction of acid as 
NH4HSO4 or H2SO4. The observed deli- 

quescent point in the remaining humid- 
ograms identifies the aerosol as containing 
a large fraction of salt as (NH4)2SO4. 

In the data analysis a concentrated ef- 
fort has been made to discover variables 
that are related to this difference in the 
aerosols. One variable examined was the 
aerosol history. Ninety air parcel trajec- 
tories terminating at St. Louis for the aver- 
age flow in the 500- to 2000-m layer were 
obtained from the National Oceanic and 
Atmospheric Administration (NOAA) 
Air Resources Laboratory (3). Exam- 
ination of these trajectories revealed that 
63 percent of the air parcels arriving from 
the south contained H2SO4-NH4HSO4 
aerosols, whereas 66 percent of the air par- 
cels arriving from the north contained 
(NH4)2SO4 aerosol. This finding indicates 
that acid aerosols predominate in mari- 
time tropical air masses whereas 
(NH4)2SO4 aerosol predominates in air 
masses of continental polar origin. To fur- 
ther examine this relationship, we plotted 
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Fig. 1. Plot of the daily 
frequency of continen- 
tal polar air masses in 
St. Louis (dashed line) 
with the daily frequen- 
cy of (NH4)2SO4 aero- 
sol (solid line) for Sep- 
tember 1973. 
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coincidentally the percentage of the time 
during each day that the aerosol was 
(NH4)2SO4 as compared with the per- 
centage of the time during each day that 
the air mass was continental polar, con- 
sulting the trajectories and 500-mbar 
charts (Fig. 1). The correlation coefficient 
between the 20 pairs of data points is 0.72 
with a probability of less than 0.1 percent 
that this effect is due to random occurrence 
(4). 

Although there is presently no model for 
a correlation of air mass and aerosol char- 
acter, there are at least two possible causes 
for the observations reported here. First, 
there may be a lower NH3 source strength 
for air masses arriving at St. Louis after 
following marine tropical flow trajectories 
than for those arriving at St. Louis after 
following continental polar trajectories. 
This premise is supported by Junge's re- 
sults (5) which show that the concentration 
of NH4+ in precipitation for the mid- 
western states traversed by continental po- 
lar air masses is higher by as much as a 
factor of 10 than for the southeastern 
states traversed by marine tropical air 
masses. He suggests that the low NH4+ 
concentration in the southeastern states 
may be due to the low pH value of yellow- 
red laterite soils characteristic of the area. 
The second cause may be different aerosol 
production and modification processes for 
each air mass. Substantial differences in 
the thermal structure and moisture content 
of the two types of air mass suggest a vari- 
ety of possible causal factors for the differ- 
ent aerosol character. 
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Aerosol Chemical Parameters and Air Mass Character 

in the St. Louis Region 
Abstract. Comparisons of the chemical character of ambient aerosols in St. Louis dur- 

ing the month of September 1973 with the trajectory of the air parcel before it arrived in 
St. Louis indicate that regional sulfuric acid-ammonium bisulfate aerosol was associated 
with maritime tropical air and that regional ammonium sulfate aerosol was associated 
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