
Complex I polymorphisms, bigenomic heterogeneity, and family
history in Virginians with Parkinson's disease

Russell H. Swerdlow*, Bradley Weaver, Amy Grawey, Connie Wenger, Eric Freed, and
Bradford B. Worrall
Department of Neurology, #800394, University of Virginia Health System, McKim Hall, 1 Hospital
Drive, Charlottesville, VA 22908, United States

Abstract
The electron transport chain enzyme complex I may play a role in Parkinson's disease (PD)
pathogenesis. Association studies considering whether or not complex I-relevant gene
polymorphisms contribute to PD risk are discordant. We evaluated four complex I-relevant gene
polymorphisms alternatively reported to associate and not associate with PD (tRNAGln T4336C,
ND1 T4216C, ND2 G5460A, and the NDUFV2 exon 2 C182T transition). Our study included 111
PD subjects and 106 controls in central Virginia. Individuals with at least one copy of the
NDUFV2 182T allele were more likely to report a PD family history than non-carriers, but aside
from this no positive associations were found. Indeed, the tRNAGln 4336C variant occurred more
frequently in controls. We also observed that individuals in both groups often carried more than one
of the assayed polymorphisms, and for the first time show bigenomic polymorphic variation (between
nuclear and mtDNA complex I subunit genes) commonly occurs within individuals. In an exploratory
sub-analysis, more control than case women had an ND1 4216C, NDUFV2 homozygous 182C
compound genotype. Complex I compound genotype variation commonly occurs and may explain
why particular complex I gene polymorphisms associate with PD in some populations but not others.
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1. Introduction
Parkinson's disease (PD) subjects show reduced NADH: ubiquinone oxidoreductase (complex
I) activity and complex I inhibition causes both animal and human parkinsonism [1-6]. These
findings suggest that complex I may play a pathogenically important role in PD. Complex I,
an electron transport chain (ETC) enzyme, contains over 40 protein subunits encoded on an
equal number of genes [7]. Seven of these genes reside on mitochondrial DNA (mtDNA) and
the rest are nuclear genes. Association studies of polymorphisms in several complex I genes
or genes related to complex I subunit production suggest complex I variation might increase
or decrease one's risk of developing PD [8-15]. However, positive association study results are
counter-balanced by negative studies [14,16-20]. The importance of complex I or complex I-
related gene polymorphisms in PD remains controversial.

Past positive studies report polymorphism associations between complex I subunit genes on
both mtDNA (T4216C in ND1, G5460A in ND2) [10,12-14] and nuclear DNA (a C→T
transition at exon 2 nucleotide 182 of NDUFV2) [11]. Increased frequency of a T4336C
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polymorphism (in the mtDNA tRNAGln gene) may also occur in PD [8,9]. This is a synthetic
gene required for translation of mtDNA-encoded ETC structural genes, and therefore can be
considered a complex I-relevant gene. Negative association studies for each of these
polymorphisms in PD also exist [16-20]. Because of our interest in how complex I dysfunction
arises in and may contribute to PD, we attempted to replicate studies reporting a positive
association between PD and complex I subunit or complex I-related gene polymorphisms.

2. Methods
2.1. Subjects

All parts of our study were conducted in accordance with the Declaration of Helsinki.
Genotyped subjects provided signed consent; the University of Virginia institutional review
board approved the protocol. PD subjects were recruited from the University of Virginia
Movement Disorders Clinic. PD sub-specialty neurologists made each diagnosis and patients
met UK Parkinson's Disease Society Brain Bank clinical diagnostic criteria [21]. We recruited
a control cohort from the same geographical region. Subjects from both PD and control groups
were overwhelmingly of white European descent. As a prior study of the T4216C
polymorphism in PD reported a sex-specific effect [12], we took care to sex-match our cohorts.
Since PD more commonly affects men than women [22,23], we were forced to limit inclusion
of PD spouses in order to avoid female over-representation in the control group.

In order to reduce the chances of including Mendelian PD in our analysis, as well as limit the
number of controls below the age of peak PD presentation, individuals less than 40 years of
age were excluded. At the time of enrollment, subjects in both groups were asked to report any
family members with PD.

2.2. Procedures
Blood samples were collected using standard vacutainer tubes containing EDTA as
anticoagulant. We used a QIAamp DNA minikit (Qiagen, Valencia, CA) to prepare genomic
DNA from these samples. Taq/Pwo polymerase (Roche Diagnostics, Indianapolis, IN) and a
GeneAmp9600 thermocycler were used for polymerase chain reaction (PCR) generation of
amplicons containing the polymorphisms of interest (T4336C in tRNAGln, T4216C in ND1,
G5460A in ND2, and the C→T transition in exon 2 of NDUFV2 that causes an alanine to valine
substitution at amino acid 29). Table 1 presents the primer sequences used for these analyses.
PCR products were purified using a QIAquick kit (Qiagen). The polymorphisms of interest
were interrogated with the restriction enzymes shown in Table 1, and the final digestion
products electrophoresed within agarose gels containing ethidium bromide.

The 4216C and 4336C polymorphisms both create NlaIII restriction sites, and because both
polymorphisms reside within one PCR product spanning mtDNA nucleotides 3540–4390 (as
numbered by the Cambridge sequence) [24], the 4216 and 4336 positions were genotyped
simultaneously. A 4% agarose concentration (E-Gel, Invitrogen, Carlsbad, CA) facilitated
clear interpretation of the NlaIII digestion products.

The 5460A polymorphism opens an HphI site. The NDUFV2 polymorphism corresponds to
nucleotide 182 of the NDUFV2 GenBank exon 2 sequence (as listed in gi:3123713). The
downstream primer used in the reaction that amplifies NDUFV2 exon 2 nucleotides 2–211
actually contains a mismatch near its 3′ end, so that when thymine rather than cytosine occurs
at nucleotide 182 the mismatched primer generates a unique MaeIII restriction site [11].
Interpretation of HphI and MaeIII digestion products was obvious using a 2% agarose
concentration.
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To ensure fidelity of our approach, several amplicons shown by restriction fragment length
analysis to contain polymorphic changes were corroborated by dideoxynucleotide sequencing
using an Applied Biosystems (model 377; Foster City, CA) sequencer. All samples found on
restriction analysis to contain the 4336C variant were sequence-corroborated.

PD and control subject group mean ages were compared by two-way Student's t-test with α set
at 0.05. For our family history analysis, we anticipated a positive PD family history would
prove a rare event, and therefore used the binomial exact test. All other statistical analyses,
including exploratory sub-analyses of genotype interaction, were done by Pearson's χ2.
Statistical calculations were performed using S-Plus (Insightful Corporation, Seattle, WA).

3. Results
We studied 111 PD subjects (68 males, 43 females) and 106 sex-matched controls (64 males,
42 females). Ages ranged from 40 to 91 years. There was a slight age mismatch between the
groups, as the mean age of the controls was 4.2 years younger than that of the PD group. Table
2 provides demographic data on genotyped subjects. Although we excluded PD subjects with
clear Mendelian inheritance patterns, 13.5% of PD subjects reported a positive family history
of PD, which was greater than the 7.5% of controls reporting a positive PD family history (p
= 0.028). This difference was primarily female-driven, as the number of female cases with a
positive family history of PD exceeded the number of control females (p = 0.004).

Surprisingly, the tRNAGln 4336C polymorphism was over-represented in our controls (p =
0.039). Otherwise, polymorphism frequencies for ND2 5460A, NDUFV2 182T, and total
subject 4216C were similar between PD cases and controls (Table 3). ND2 G5460A and
tRNAGln T4336C polymorphisms were very rare in either group, precluding further analyses
of these polymorphisms. NDUFV2 182T and ND1 4216C polymorphisms were relatively more
common. Specifically, 34.6% of all genotyped individuals carried at least one NDUFV2 182T
allele; our NDUFV2 genotype distributions exhibited Hardy–Weinberg equilibrium. We found
19.8% possessed the ND1 4216C variant. This enabled us to further stratify the NDUFV2
C182T and ND1 T4216C data by sex. Our sex-specific analysis suggested a trend in which
more control women than PD women carried the ND1 4216C variant (p = 0.060) (Table 3).

We also considered whether carriage of the NDUFV2 182T (36 of 111 individuals) and/or
ND1 4216C (19 of 111 individuals) polymorphisms contributed to age of PD onset. We plotted
PD subject age at the time of phlebotomy (a rough surrogate for age of disease onset) according
to polymorphism genotype. This analysis did not support the possibility that either
polymorphism modifies age of PD onset, either alone or in combination (Fig. 1).

We evaluated the impact of NDUFV2 182T or ND1 4216C polymorphisms on PD family
history reporting across cases and controls (Table 4). Possessing the ND1 4216C variant was
not associated with greater likelihood of reporting a family history of PD. Carriers of at least
one NDUFV2 182T allele were more likely to report a positive PD family history than those
with two copies of NDUFV2 182C (p = 0.019). Other smaller sub-group analyses evaluating
the effects of NDUFV2 genotype on family history reporting were significant as well, and for
this reason in Table 4 we included a breakdown of family history reporting by genotype and
sex. However, as the numbers in these subgroup analyses were small, in Table 4 we only report
significance for the key aggregate NDUFV2 C182T data.

Six PD and nine control subjects possessed both ND1 4216C and NDUFV2 182T
polymorphisms (Table 3). These 15 subjects comprised 7% of the overall study population.
The presence of bigenomic-derived ETC heterogeneity within individuals seems conceptually
predictable and not surprising. Nonetheless, to our knowledge these data for the first time
actually demonstrate this phenomenon. We further evaluated the degree to which just these
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two polymorphisms contribute to complex I heterogeneity in central Virginia. The ND1
T4216C and NDUFV2 C182T polymorphisms allowed us to define and demonstrate six
different genetically-determined complex I subgroups (Table 5).

Although the numbers were small, the proportion of individuals carrying concomitant ND1
4216C, NDUFV2 182T polymorphisms did not vary between PD and control groups (Table
3). To further consider whether interactive effects exist between these two variants in an
exploratory sub-analysis, we sorted the ND1 4216C subjects by NDUFV2 status, and also the
NDUFV2 182T carriers by ND1 status (Table 6). This analysis found the previously suggested
trend towards ND1 4216C over-representation in the female control group (Table 3) primarily
arose from an excess of 4216C women that were also NDUFV2 182C homozygous (the Ala/
Ala genotype). This exploratory finding was significant (p = 0.047), and implies a potential
protective effect for the ND1 4216C and NDUFV2 Ala/Ala compound genotype in women.
However, there was no evidence that an ND1 4216C and NDUFV2 Ala/Ala combination
protected men from PD. Indeed, there was a non-significant trend towards over-representation
of the ND1 4216C and NDUFV2 Ala/Ala compound genotype in PD men.

4. Discussion
This study joins several others finding sporadic PD subjects more commonly report positive
PD family histories than control subjects [23,25-32]. Perhaps PD itself increases ones
awareness of PD or parkinsonism in others, or control status reduces awareness, rendering in
either case a secondary artifact [33]. Environmental overlap between family members requires
consideration, as toxic exposure can cause parkinsonism [3]. Genetic factors might also explain
this finding.

Despite controversy regarding the accuracy of PD family history reporting [33-35], our family
history data agree reasonably well with recent “standard for comparison” PD family history
data derived using a rigorous, secondarily verified ascertainment method in Olmsted county
[33]. Furthermore, we believe geographic congruence between our PD and control groups
reduces the chance that environmental factors account for our increased PD subject reporting
of PD family histories. We therefore feel unable to summarily dismiss the difference we found
between PD and control family history reporting as artifact.

Prior studies of tRNAGln 4336C in PD reported either positive or absent associations [8,9,16,
17,19,20].None found, as we did, an over-representation of tRNAGln 4336C in control subjects.
While particular mtDNA signatures may reduce PD risk [15], the rarity of tRNAGln 4336C in
our study precludes us from postulating this polymorphism protects against PD in some
populations. The small sample size further renders the statistical finding suspect. Nevertheless,
we do feel our data adequately argue that the tRNAGln 4336C variant does not meaningfully
contribute to the central Virginia PD burden.

A previous PD association study from Germany reported an excess of the ND1 5460A
polymorphism in PD [10].We failed to replicate this finding in our central Virginia PD cohort.
In the German controls, the 5460A frequency (5/77; 6.5%) more than doubled the central
Virginia 5460A control rate of 2.8%. Although this difference is not statistically significant, it
does suggest potential baseline genetic dissimilarities may exist between the populations,
which perhaps could account for the discrepant results between these two studies. Regardless,
we do feel our data adequately argue the ND2 5460A variant does not meaningfully contribute
to the central Virginia PD burden.

Our finding that ND1 4216C may occur more commonly in central Virginia female control
subjects than in female PD subjects does not dispute Kirchner et al., who reported a sex-
dependent disparity of this polymorphism existed between western Washington state PD and
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control cohorts [12]. That study showed a trend towards more 4216C female (21%) than male
controls (16%). The authors further noted a non-significant tendency towards over-
representation of 4216C in male but not female PD subjects, perhaps consistent with the trend
we observed in PD 4216C males carrying the NDUFV2 Ala/Ala genotype.

In their 1998 Japanese PD case–control study, Hattori et al. reported NDUFV2 Val/Val
frequencies greater than those we found in central Virginia PD (23.8% vs. 3.6%) and control
(11.5% vs. 2.8%) subjects [11]. While NDUFV2 Val/Val frequencies are equivalent between
PD and control subjects in central Virginia, the frequency of the NDUFV2 Val/Val genotype
in Japanese PD subjects exceeded that of the Japanese controls. Interestingly, NDUFV2 Ala/
Val did not appear to confer PD risk in the Hattori et al. study, as the heterozygous state was
significantly greater in the control than in the PD group (42.5% control heterozygotes, 30.2%
PD heterozygotes). The absolute percentage of control NDUFV2 heterozygotes in our study
was also greater than that of our PD subjects, but this was not a statistically significant
difference. Our central Virginia populations further showed a tight Hardy–Weinberg
equilibrium distribution, whereas the Japanese cohort did not.

While our NDUFV2 genotype data do not indicate NDUFV2 Val/Val contributes to the PD
burden of central Virginia, two findings in our study nevertheless suggest the NDUFV2 C182T
polymorphism might still influence PD risk in at least some instances. First, individuals with
the 182T allele were more likely to report a positive family history than those who were 182C
homozygous. Second, in our control group we found an excess of homozygous NDUFV2 182C
women with the ND1 4216C polymorphism. Taken together, these two observations could
imply NDUFV2 182C homozygosity lessens the risk of PD in certain sub-populations, such as
women with the ND1 4216C polymorphism. If so, the absence of an NDUFV2 182C allele
would abrogate or reduce any protective effect that NDUFV2 182C confers to that subgroup.

Large association studies of 500–1000 subjects are typically required to identify
polymorphism-disease associations worthy of further consideration. Our study was neither
suited nor intended to identify new associations, but sought only to evaluate certain
polymorphisms previously claimed by others to affect PD risk. The size of our study is similar
to or even larger than other published PD association studies [9-14]. Nevertheless, we
acknowledge that some of our subgroups contain small numbers, and we therefore consider
the results of our exploratory subgroup analyses preliminary. We performed multiple statistical
comparisons and obtained limited significant findings. None were exceedingly robust and most
would not have survived correction for multiple comparisons, raising the possibility of type II
error. As discussed above, we suspect over-representation of the tRNAGln 4336C in controls
may indeed represent type II error. On the other hand, our two other genotype-related findings
(that the NDUFV2 Ala/Ala genotype might reduce the risk of PD in women with ND1 4216C
and perhaps in general reduce the chance of reporting a PD family history) corroborate each
other.

To our knowledge, our data for the first time explicitly show different bigenomic ETC
polymorphism combinations co-exist within individuals and actually contribute to ETC
enzyme heterogeneity. While perhaps obvious to the point of overlooking, our data represent
the variability that was found from just one mtDNA complex I polymorphism and one nuclear
DNA complex I polymorphism. Considering there are perhaps 46 complex I genes encoding
complex I subunits [7], and that at least some of these genes (certainly the mtDNA ND genes)
can have multiple polymorphisms [36], the potential for inter-individual variation is enormous.

Since it indeed occurs, the question of whether bigenomic polymorphic variability represents
an incidental or phenotypically relevant phenomenon requires consideration. Although the
small size of our data set renders any insight into this question preliminary, our finding that
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NDUFV2 182C homozygosity might reduce PD risk in women that also carry the ND1 4216C
polymorphism suggests compound genotypes might prove potentially relevant. If correct,
bigenomic ND gene heterogeneity between individuals could help explain discrepancies
between complex I or complex I-related polymorphism association studies performed in
ethnically or geographically distinct PD populations.
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Fig. 1.
Distribution (by age at the time of genotyping) of PD subjects with ND1 4216C (top), either
one or two NDUFV2 182T (Val) alleles (middle), or both ND1 4216C and NDUFV2 182T
polymorphisms (bottom).
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Table 1
Oligonucleotide primers and restriction enzymes used

Polymorphism genotyped Primers Restriction enzyme

ND1 T4216C 5′–GCCGTTTACTCAATCCTCTG–3′ NlaIII
5′–GTGTGATAGGTGGCACGGAG–3′

tRNAGln T4336C 5′–GCCGTTTACTCAATCCTCTG–3′ NlaIII
5′–GTGTGATAGGTGGCACGGAG–3′

ND2 G5460A 5′–TCCCCACCATCATAGCCA–3′ HphI
5′–GGGTTTTGCAGTCCTTAG–3′

NDUFV2 C182T 5′–GATGGATAGGGTAGAATACCATATTCCTTA–3′ MaeIII
5′–ATAAAGCTCCTCCAGCTCCATTTTGCGTA–3′
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Table 2
Group demographics

PD Control

Total subjects 111 106
Male:Female 68:43 (1.6:1.0) 64:42 (1.5:1.0)
Positive family history 15 (13.5%)  8 (7.5%)*
Males with a positive family history  8 (11.8%)  6 (9.4%)
Females with a positive family history  7 (16.3%)  2 (4.9%)**
Age of subjects (mean±S.E.M.) 65.0±0.9 60.8±1.2***

*
p=0.028 by binomial exact test.

**
p=0.004 by binomial exact test.

***
p<0.01 by two-way Student's t-test.
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Table 3
Selected complex I subunit gene and complex I-related gene polymorphism frequencies in central Virginia

PD Control

tRNAGln 4336C  0/111 (0%)  4/106 (3.8%)*
ND2 5460A  2/111 (1.8%)  3/106 (2.8%)
ND1 4216C Total 19/111 (17.1%) 24/106 (22.6%)

Males  13/68 (19.1%)  11/64 (17.2%)
Females   6/43 (14.0%)  13/42 (31.0%)**

NDUFV2 Total with Ala/Val or Val/Val 36/111 (32.4%) 39/106 (36.8%)
Male Ala/Val or Val/Val  23/68 (33.8%)  25/64 (39.1%)
Female with Ala/Val or Val/Val  13/43 (30.2%)  14/42 (33.3%)
Total Ala/Val 32/111 (28.8%) 36/106 (34.0%)
Total Val/Val  4/111 (3.6%)  3/106 (2.8%)
Male Ala/Val  21/68 (30.9%)  25/64 (39.0%)
Female Ala/Val  11/43 (23.3%)  11/42 (26.2%)
Male Val/Val   2/68 (2.9%)   0/64 (0%)
Female Val/Val   2/43 (4.7%)   3/42 (7.1%)

NDUFV2+ND1
4216C:

Val Total  6/111 (5.9%)  9/106 (8.5%)

Males   4/68 (5.9%)   6/64 (9.4%)
Females   2/43 (4.7%)   3/42 (7.1%)

*
p=0.039 by χ2.

**
p= 0.060 by χ2.
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Table 5
Genotype breakdown of 217 individuals assessed for the mtDNA ND1 T4216C and nuclear NDUFV2 C182T
complex I subunit gene polymorphisms (182C = Ala; 182T = Val)

ND1 4216T ND1 4216C

NDUFV2 Ala/Ala 114 (53%) 28 (13%)
NDUFV2 Ala/Val  55 (25%) 13 (6%)
NDUFV2 Val/Val   5 (2%)  2 (1%)
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Table 6
NDUFV2 C182T against “fixed” ND1 T4216C background, and ND1 T4216C against “fixed” NDUFV2 C182T
background

PD Control

A) ND1 4216C when NDUFV2 is Ala/Ala
Total 13/75 (17.3%) 15/67 (22.4%)
Males  9/45 (20.0%)  5/39 (12.8%)
Females  4/30 (13.3%) 10/28 (35.8%)*
B) ND1 4216C when NDUFV2 is Ala/Val or Val/Val
Total  6/36 (16.7%)  9/39 (23.1%)
Males  4/23 (17.4%)  6/25 (24.0%)
Females  2/13 (15.4%)  3/14 (21.4%)
C) NDUFV2 Ala/Val or Val/Val when ND1 is 4216C
Total  6/19 (31.5%)  9/24 (37.5%)
Males  4/13 (30.8%)  6/11 (45.5%)
Females   2/6 (33.3%)  3/13 (23.1%)
D) NDUFV2 Ala/Val or Val/Val when ND1 is 4216T
Total 30/92 (32.6%) 30/82 (36.6%)
Males 19/55 (34.5%) 19/53 (35.8%)
Females 11/37 (29.7%) 11/29 (37.9%)

*
p=0.047 by χ2.
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